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Abstract  
It is well known that a broad range of ocular anatomical and physiological 
parameters undergo significant diurnal variation. However, the natural diurnal 
variations that occur in the length of the human eye (axial length) and their 
underlying causes have been less well studied. Improvements in optical methods for 
the measurement of ocular biometrics now allow more precise and comprehensive 
measurements of axial length to be performed than has previously been possible. 
Research from animal models also suggests a link between diurnal axial length 
variations and longer term myopic eye growth, and that retinal image defocus can 
disrupt these diurnal rhythms in axial length. This research programme has 
examined the diurnal variations in axial length in young normal eyes, the 
contributing components and the influence of optical stimuli on these changes.  
 
In the first experiment, the normal pattern and consistency of the diurnal variations 
in axial length were examined at 10 different times (5 measurements each day, at ~ 
3-hour intervals from ~ 9 am to ~ 9 pm) over 2 consecutive days on 30 young adult 
subjects (15 myopes, 15 emmetropes). Additionally, variations in a range of other 
ocular biometric measurements such as choroidal thickness, intraocular pressure, 
and other ocular biometrics were also explored as potential factors that may be 
associated with the observed variations in axial length. To investigate the potential 
influence of refractive error on diurnal axial length variations, the differences in the 
magnitude and pattern of diurnal variations in axial length between the myopic and 
emmetropic subjects were examined. Axial length underwent significant diurnal 
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variation that was consistently observed over the 2 consecutive days of 
measurements, with the longest axial length typically occurring during the day, and 
the shortest at night. Significant diurnal variations were also observed in choroidal 
thickness, IOP and other ocular biometrics (such as central corneal thickness, 
anterior chamber depth and vitreous chamber depth) of the eye. Diurnal variations 
in vitreous chamber depth, IOP (positive associations) and choroidal thickness 
(negative association) were all significantly correlated with the diurnal changes in 
axial length. Choroidal thickness was found to fluctuate approximately in antiphase 
to the axial length changes, with the average timing of the longest axial length 
coinciding with the thinnest choroid and vice versa. There were no significant 
differences in the ocular diurnal variations associated with refractive error.    
 
Given that the diurnal changes in axial length could be associated with the changes 
in the eye’s optical quality, whether the optical quality of the eye also undergoes 
diurnal variation in the same cohort of young adult myopes and emmetropes over 2 
consecutive days was also examined.  Significant diurnal variations were observed 
only in the best sphere refraction (power vector M) and in the spherical aberration 
of the eye over two consecutive days of testing. The changes in the eyes lower and 
higher order ocular optics were not significantly associated with the diurnal 
variations in axial length and the other measured ocular biometric parameters. No 
significant differences were observed in the magnitude and timing of diurnal 
variations in lower-order and higher-order optics associated with refractive error.  
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Since the small natural fluctuations in the eye’s optical quality did not appear to be 
sufficient to influence the natural diurnal fluctuations in ocular biometric 
parameters, in the next experiment, the influence of monocular myopic defocus 
(+1.50 DS) upon the normal diurnal variations in axial length and choroidal thickness 
of young adult emmetropic human subjects (n=13) imposed over a 12 hour period 
was examined. A series of axial length and choroidal thickness measurements 
(collected at ~3 hourly intervals, with the first measurement at ~9 am and the final 
measurement at ~9 pm) were obtained over three consecutive days. The natural 
diurnal rhythms (Day 1, no defocus), diurnal rhythms with monocular myopic 
defocus (Day 2, +1.50 DS spectacle lens over the right eye), and the recovery from 
any defocus induced changes (Day 3, no defocus) were examined. Significant diurnal 
variations over the course of the day were observed in both axial length and 
choroidal thickness on each of the three measurement days. The introduction of 
monocular myopic defocus led to significant reductions in the mean amplitude of 
diurnal change, and phase shifts in the peak timing of the diurnal rhythms in axial 
length and choroidal thickness. These defocus induced changes were found to be 
transient in nature and returned to normal the day following removal of the 
defocus. 
 
To further investigate the influence of optical stimuli on human diurnal rhythms, in 
the final experiment, the influence of monocular hyperopic defocus on the normal 
diurnal rhythms in axial length and choroidal thickness was examined in young adult 
emmetropic subjects (n=15). Similar to the previous experiment, the natural diurnal 
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rhythms (Day 1, no defocus), diurnal rhythms with monocular hyperopic defocus 
(Day 2, -2.00 DS spectacle lens over the right eye), and the recovery from any 
defocus induced changes (Day 3, no defocus) were examined over three 
consecutive days. Both axial length and choroidal thickness underwent significant 
diurnal variations on each of the three days. The introduction of monocular 
hyperopic defocus resulted in a significant increase in the amplitude of diurnal 
change, but no change in the peak timing of diurnal rhythms in both parameters. 
The ocular changes associated with hyperopic defocus returned to normal, the day 
following removal of the defocus.  
   
This research has shown that axial length undergoes significant diurnal variation in 
young adult human eyes, and has shown that the natural diurnal variations in 
choroidal thickness and IOP are significantly associated, and may underlie these 
diurnal fluctuations in axial length. This work also demonstrated for the first time 
that exposing young human eyes to monocular myopic and hyperopic defocus leads 
to a significant disruption in the normal diurnal rhythms of axial length and 
choroidal thickness. These changes in axial length with defocus may reflect 
underlying mechanisms in the human eye that are involved in the regulation of 
longer term eye growth.    
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Chapter 1: Literature review 
1.1 Refractive error development 
In a normal eye, parallel rays of light converge to produce a sharp, focussed image 
on the retina when accommodation is relaxed. This refractive condition is known as 
emmetropia. Departures from this emmetropic refractive state are referred to as 
refractive errors or ametropias.  
 
Myopia (nearsightedness) is the refractive error in which parallel rays of light focus 
in front of the retina in a relaxed accommodative state. Hyperopia (farsightedness) 
is the condition in which, with accommodation relaxed, parallel rays of light focus 
behind the retina. The spherical ametropias are broadly classified into axial and 
refractive ametropias based on their underlying origin (Grosvenor, 1996a). Axial 
ametropia is attributed to an increase (causing myopia) or decrease (causing 
hyperopia) in the eye's axial length. Refractive ametropia is attributed to an 
increase (in the case of myopia) or decrease (in the case of hyperopia) in the 
refractive power of one or more of the eye’s refractive elements (such as the 
cornea or crystalline lens). Astigmatism refers to a refractive condition in which the 
eye’s optical system fails to form a single point image for a point object as the 
refractive power of the eye varies from one meridian to the other.  Astigmatism 
occurs due to meridional differences in the curvature of the cornea or lens or both 
(Grosvenor, 1996a).  
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1.1.1 Emmetropization 
Normal eyes typically grow in a coordinated manner in order for the axial length of 
the eye and the refractive power of the optical components (primarily the cornea 
and the crystalline lens) to precisely match with each other to produce the ideal 
refractive state of emmetropia. This systematic process is referred to as 
emmetropization, and a disruption to this coordinated mechanism of ocular growth 
results in the development of refractive errors (Troilo, 1992; Smith III, 1998).  
 
Human eyes typically grow in a distinctive manner from infancy to early childhood. 
Previous studies have shown that the spread of refractive errors in the population 
at birth is approximately normally distributed (Banks, 1980), however, by early 
childhood, the distribution becomes highly curtosed with a peak close to 
emmetropia (Ingram and Barr, 1979; Gwiazda et al., 1993b; Wood et al., 1995). 
Newborn infants usually have relatively high levels (~ 2-3 D) of hyperopia, which 
typically reduces in magnitude as they grow older (Ingram and Barr, 1979; Wood et 
al., 1995; Pennie et al., 2001; Mutti et al., 2005). By the age of 3-4 years there is a 
significant reduction in the magnitude (mean magnitude of hyperopia ~ 1 D) of 
hyperopia, and in the spread of refractive errors (Ingram and Barr, 1979; Gordon 
and Donzis, 1985; Gwiazda et al., 1993b; Saunders, 1995) in children, with the 
majority of children attaining emmetropia or low hyperopia by about 5-6 years of 
age.  
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Based on the growing evidence from studies of ocular growth in animal models, it is 
now generally accepted that ocular growth during emmetropization is at least in 
part an active visually guided process (Wildsoet, 1997), which is regulated by the 
hyperopic refractive error in infants at birth (Mutti et al., 2005). The greatest 
increase in eye length occurs in the first two years of life, with an increase in axial 
length of about 3-4 mm (Larsen, 1971a), most of which is  attributed to expansion in 
the vitreous chamber (Larsen, 1971b; Mutti et al., 2005). By the age of 2-3 years, 
the rate of eye growth significantly reduces to about 0.4 mm/year (Gordon and 
Donzis, 1985), with an increase of ~ 1.2 mm over the next three to four years 
(Larsen, 1971a). After this juvenile growth phase, the axial length increases 
approximately 1 - 1.5 mm from age 5 - 6 years through teenage years (Gordon and 
Donzis, 1985).  
 
Additionally, changes in the other ocular components such as the crystalline lens 
and cornea also contribute to the elimination of neonatal refractive errors (Mutti et 
al., 2005). Previous studies have reported a significant reduction in both corneal and 
lenticular powers in the early period of rapid eye growth in human infants (Mutti et 
al., 2005; Sorsby et al., 1962). Mutti et al (2005) reported a significant reduction of 
1.07 and 3.62 D in the corneal and lenticular powers (due to flattening in both the 
anterior and posterior lens radius of curvature) respectively between 3 to 9 months 
of age. Collectively, these studies suggest that the normal growth of the eye 
involves an axial elongation in combination with a reduction in corneal and 
crystalline lens power in order to achieve emmetropia.    
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1.2 Altered visual experience during emmetropization 
During the process of emmetropization, the quality of the retinal image is thought 
to play an important role in the regulation of ocular growth. A degraded retinal 
image during this period results in abnormal growth of the eye and the 
development of refractive error.   
 
1.2.1 Retinal image defocus and altered ocular growth in animal models 
A number of different experimental paradigms, employed on a range of different 
animal species [e.g. guinea pigs (Howlett and McFadden, 2009), monkeys (Hung et 
al., 1995; Smith III and Hung, 2000), tree shrews (Metlapally and McBrien, 2008), 
kittens (Van Sluyters, 1978), fish (Shen et al., 2005) and rabbits (Gao et al., 2006)] 
have illustrated that altering retinal image quality can lead to consistent and 
predictable changes in ocular growth (Wildsoet, 1997; Smith III, 1998; Wallman and 
Winawer, 2004). However, chickens have probably been the most widely used 
animal model in refractive error research (Wallman and Adams, 1987; Schaeffel et 
al., 1988; Irving et al., 1992; Wallman et al., 1995; Wildsoet and Wallman, 1995; 
Nickla et al., 2005) due to their rapid visual development (natural eye growth 
typically occurs in ~ 6 weeks time), and other practical and economic advantages 
associated with their use (Wildsoet, 1997). The deprivation of form vision using lid-
suture or plastic goggles/diffusers (Sherman et al., 1977; Wiesel and Raviola, 1977; 
Wallman et al., 1978, Smith III and Hung, 2000), and defocus imposed with 
spectacle lenses (Schaeffel et al., 1990; Irving et al., 1992; Wildsoet and Wallman, 
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1995; Hung et al., 1995; Graham and Judge, 1999), have both been used to examine 
the influence of image quality on eye growth of animals.     
 
 
1.2.1.1 Form-deprivation  
Disruption of form-vision through lid suture (Sherman et al., 1977; Wiesel and 
Raviola, 1977) or diffusers (Wallman et al., 1978; Wallman and Adams, 1987; 
Bartmann and Schaeffel, 1994) has been shown to cause axial elongation and the 
development of myopia in both primate (Wiesel and Raviola, 1977; Smith III and 
Hung, 2000) and avian (Wallman et al., 1978; Wallman and Adams, 1987; Wallman 
et al., 1995) animal models (Figure 1.1 b). The development of myopia in form-
deprivation is thought to occur as a result of an uncoordinated axial growth in the 
absence of visual feedback related to the eye’s effective refractive state (Wiesel and 
Raviola, 1977). Form-deprivation myopia in animals is known to be a graded 
phenomenon, where the degree of myopia is directly proportional to the magnitude 
of image degradation (Smith III and Hung, 2000; Bartmann and Schaeffel, 1994). 
Studies have also reported that the effect of form-deprivation declines with age, 
with younger animals showing greater ocular changes to image degradation 
compared to older animals (Wallman and Adams, 1987; Wallman et al., 1995).  
 
In both chicks (Wallman et al., 1987; Wallman et al., 1995) and primates (Smith III et 
al., 2009b) partial diffusers imposing form-deprivation on a certain part of the visual 
field leads to altered eye growth restricted only to those local regions of visual 
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deprivation. Previous studies have also shown that development of myopia in 
response to visual deprivation occurs even when the optic nerve is severed in young 
chicks (Troilo et al., 1987; Wildsoet, 2003), suggesting that ocular growth in 
response to form-deprivation is a local ocular response that is regulated at the 
retinal level.    
 
Young animals recover from this myopia when the treatment is terminated bringing 
the eye back to its normal refractive state (Wallman and Adams, 1987; Troilo and 
Wallman, 1991). During the recovery phase, the eyes quickly return to emmetropia 
mainly by reducing the vitreous chamber depth, along with a progressive flattening 
of corneal curvature (Troilo and Wallman, 1991).  
 
1.2.1.2 Spectacle lens induced defocus 
Imposing retinal defocus with positive (myopic defocus, that causes the image to be 
focussed in front of the retina) and negative lenses (hyperopic defocus, that causes 
the image to be focussed behind the retina) has also been shown to result in 
predictable changes in eye growth, whereby the eye alters its growth to effectively 
eliminate the defocus (Schaeffel et al., 1988; Irving et al., 1992; Hung et al., 1995; 
Graham and Judge, 1999; Smith III and Hung, 1999). Young chicks show nearly 
complete compensation (over a range of +15 to -10 D) to both the magnitude and 
the sign of imposed defocus by altering eye length to move the position of the 
7 
 
retina towards the defocussed image plane (Irving et al., 1992; Wildsoet and 
Wallman, 1995).  
 
 
 
 
Figure 1.1: Illustration of the effects of different visual conditions on ocular growth that 
have been observed in animal models of refractive error development, including, (a) 
emmetropia, (b) form-deprivation, (c) hyperopic defocus and (d) myopic defocus.  
 
 
 
 
1.1 (b): Effect of form-deprivation on ocular 
growth. Form deprivation is associated with an 
increase in ocular growth and thinning of the 
choroid.  
1.1 (a): Emmetropia.  
1.1 (c): Effect of hyperopic defocus (with negative 
lenses that causes the image to focus behind the 
retina) on ocular growth. Hyperopic defocus is 
associated with an increase in ocular growth and 
thinning of the choroid.  
 
1.1 (d): Effect of myopic defocus (with 
positive lenses that causes the image to 
focus in front of the retina) on ocular 
growth. Hyperopic defocus is associated 
with a decrease in ocular growth and 
thickening of the choroid.  
 
Increase in 
ocular growth 
growth 
Increase in 
ocular growth 
Decrease in 
ocular growth 
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These alterations in eye length involve both shorter term variations in choroidal 
thickness, and longer term changes in scleral growth (Hung et al., 2000; Wallman et 
al., 1995). Myopic defocus leads to a thickening of the choroid (pushing the retina 
forward) and a decreased scleral growth rate, reducing the overall growth of the 
eye, and thus causing a hyperopic refractive error when the defocusing lens is 
removed (Figure 1.1 d); whereas, hyperopic defocus leads to a thinning of the 
choroid (pulling the retina backward) and an increase in scleral growth rate leading 
to an increased ocular growth, and thus causing a myopic refractive error upon 
removal of the lens (Figure 1.1 c). Myopic defocus has been found to induce a 
greater magnitude of ocular change compared to hyperopic defocus because the 
choroid appears to have a greater capacity to thicken compared to its capacity to 
thin (Wallman et al., 1995).  
 
These defocus induced changes have been found to exhibit recovery back to 
emmetropia if the imposed defocus is removed, by rapidly reversing the changes in 
both choroidal thickness and axial eye growth in order to restore normal vision 
(Wallman et al., 1995; Wildsoet and Wallman, 1995).    
 
Previous studies have shown that an intact retina-brain link is not necessary to 
regulate defocus induced ocular changes in animals (Wildsoet, 2003). Wildsoet 
(2003) found that optic nerve section does not prevent the compensation for 
hyperopic defocus in response to negative lenses in young chickens. However, optic 
nerve section moved the set-point for emmetropization towards hyperopia, 
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suggesting that higher visual centres might play a role in the fine tuning of refractive 
errors. Diether and Schaeffel (1997) showed that chick eyes are able to compensate 
for both hyperopic and myopic defocus imposed on local retinal areas using hemi-
field spectacle lenses. They found that hemi-field spectacles caused local retinal 
changes restricted only to the defocussed parts of the visual field. Together these 
findings suggest that higher order processing within the visual system (or a 
functional afferent connection between the eye and the brain) may not be essential 
for the regulation of eye growth during emmetropization.  
 
Refractive compensation to spectacle lens induced defocus has also been widely 
reported in primates (Hung et al., 1995; Smith III and Hung, 1999; Hung et al., 2000; 
Troilo et al., 2000). Infant monkeys treated with positive or negative spectacle 
lenses have been found to show compensatory ocular growth responses primarily 
due to changes in axial length (Hung et al., 1995; Smith III and Hung, 1999). Similar 
to chicks, these changes are thought to involve both choroidal and scleral changes 
(Hung et al., 2000; Troilo et al., 2000). However, the operating range of the 
emmetropization process is smaller in primates, with limited compensatory ocular 
growth response for higher magnitudes of defocus (≥ 6 D).     
 
These animal studies using spectacle lens induced optical defocus confirm that 
emmetropization is an active process that appears to be regulated by the retinal 
defocus experienced by the eye.  Although, there are some inter-species differences 
(such as between avians and primates) which influence the operating range of this 
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mechanism, visually guided eye growth is documented to occur in a wide range of 
animal species.   
 
1.2.2 Accommodation and emmetropization 
Several studies in the past have examined the role of accommodation in refractive 
error development and ocular growth of animals (Review: Chung, 1993). The 
elimination of accommodation by cycloplegia (Schwahn and Schaeffel, 1994), ciliary 
nerve section (Schmid and Wildsoet, 1996) and damage to Edinger-Westphal 
nucleus (Schaeffel et al., 1990) does not prevent emmetropization in response to 
imposed defocus, suggesting that intact accommodation is not an essential factor to 
regulate ocular growth.   
 
1.2.3 Peripheral defocus and emmetropization 
Recent studies have shown that peripheral vision can influence axial eye growth and 
refractive error development in infant monkeys. Compensatory ocular changes in 
axial length in response to imposed peripheral defocus (Smith III et al., 2009a), and 
recovery from form-deprivation induced myopia following ablation of the fovea 
(Smith III et al., 2005) suggests that central foveal vision is not essential for 
emmetropization, and that alterations to peripheral vision can influence normal 
ocular growth.   
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1.2.4 Differences in form-deprivation and lens induced ocular growth in animals 
The similarities between ocular responses to form-deprivation and negative lens 
wear (both causing ocular elongation and thinning of the choroid) suggest the 
involvement of similar growth regulating mechanisms in the two conditions. 
However, there is evidence that some differences may exist in the underlying 
mechanisms of these two altered ocular growth responses.  
 
Schaeffel et al (1994) showed that injections of 6-hydroxy dopamine (a neurotoxin 
that inhibits dopaminergic pathways in the retina) suppress the development of 
form-deprivation myopia but not lens-induced myopia, suggesting that 
dopaminergic retinal pathways may be more critical for form-deprivation compared 
to lens induced myopia. Kee and colleagues (2001) reported significant differences 
in the time course of compensatory ocular responses to negative lenses and 
diffusers, with eyes wearing negative lenses showing more rapid ocular elongation 
and scleral changes compared to eyes wearing plastic diffusers. Wildsoet (2003) 
also observed differences in the magnitude of ocular growth between the two 
mechanisms in chickens with optic nerve section. These findings suggest that 
although form-deprivation and hyperopic defocus both produce a similar end point 
of a myopic refractive error, the exact mechanisms and pathways underlying these 
changes in eye growth may be different.      
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1.2.5 Retinal image defocus and altered ocular growth in humans 
Although, a number of different animal species have been shown to exhibit similar 
ocular responses to imposed defocus, there has been limited work investigating the 
influence of retinal defocus on human subjects. However, a variety of different 
ocular conditions that lead to varying degrees of visual deprivation in human eyes 
such as ptosis (O’Leary and Millodot, 1979), congenital cataract (Rabin et al., 1981; 
Von Noorden and Lewis, 1987), corneal opacity (Gee and Tabbara, 1988) and 
vitreous haemorrhage (Miller-Meeks et al., 1990) have been found to cause 
abnormal eye growth in young humans. Whilst these studies suggest that a 
relatively large alteration in retinal image quality may influence eye growth in 
human subjects, the influence of more subtle changes in retinal image quality on 
ocular growth in humans are not well known. Optical corrections that cause 
changes in retinal image quality such as orthokeratology (Cho et al., 2005; Walline 
et al., 2009), bifocal contact lenses (Anstice and Phillips, 2011) and monovision 
(Wick and Westin, 1999; Phillips, 2005) have been shown to be associated with 
reductions in myopic eye growth of young human eyes.   
 
Recently, Read et al (2010d) examined the changes in axial length and choroidal 
thickness in young adult human eyes following one hour of monocular hyperopic, 
myopic and diffuse defocus. Using an optical biometer, small but statistically 
significant changes in axial length were observed. Monocular hyperopic defocus (-3 
D) resulted in choroidal thinning and axial elongation (+8 ± 14 µm), while lens 
induced myopic defocus (+3 D) resulted in a thickening of the choroid and a 
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reduction in axial length (‐13 ± 14 µm) of  the eye that was exposed to the defocus. 
The diffuse defocus condition also led to a small increase in axial length (+6 ± 13 
µm) which was not statistically significant. This study suggests that the human visual 
system is capable of detecting the presence and sign of defocus and alter axial 
length in a way that moves in the direction of the defocussed image plane. Although 
both axial length and choroidal thickness appear to be effected by short (60 
minutes) periods of monocular defocus in human eyes, the influence of longer 
periods and different magnitudes of optical defocus on these parameters are not 
known.   
  
1.3 Refractive error development in humans 
Myopia is the most common of all the refractive disorders (Saw et al., 1996; Morgan 
et al, 2012). A significant increase in the prevalence of myopia in many populations 
around the world, the high costs associated with the correction of myopia, and the 
association between myopia and a number of sight threatening ocular diseases 
make it a significant global public health and economic concern. This has prompted 
substantial research efforts to better understand the causes and pathogenesis of 
myopia development.  
 
1.3.1 Myopia 
The global prevalence of myopia has grown dramatically in certain populations in 
recent years (Table 1.1). The prevalence of myopia among adults has been found to 
be highest in Asian countries such as Japan (65.6% in people aged 17 years, 
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Matsumura et al., 1999), Singapore (38.7 % in adults 40-79 years, Wong et al., 2000) 
and Taiwan (84 % in people aged 16-18 years, Lin et al., 2004) and lower in the US 
and Australia (36.2% in adults aged 20 through 39 years and 37.6% in adults aged 40 
through 59 years in the United States; (Vitale et al., 2008) and 15% and 17% in the 
Blue Mountains (Attebo et al., 1999) and Victoria (Wensor et al., 1999) respectively. 
Over the past decade, the prevalence of myopia has increased even further, with 
East Asian countries such as China (78.4%, He et al., 2004), Hong Kong (70%, 
Edwards and Lam, 2004), and most recently in South Korea (> 96%, Jung et al., 
2012) leading the overall prevalence of myopia in young populations in the world. 
The prevalence of myopia in children is also higher in urban Asian countries such as 
Singapore (Seet et al., 2001) and Taiwan (Lin et al., 1999) than in rural Asian 
(Dandona et al., 1999, India) and non-Asian countries like Chile (Maul et al., 2000). 
 
Myopia can be classified according to the age of onset (Grosvenor, 1987). 
Congenital myopia or infantile myopia is present at birth and persists throughout 
infancy. Early-onset or youth-onset myopia occurs in the early childhood or teenage 
years. Late-onset or adult-onset myopia refers to myopia which presents after the 
age of 15. Myopia has also been classified based on its magnitude or severity in the 
eye (Grosvenor, 1996b). Low (simple) myopia usually describes myopia of ≤ 3.00 D, 
and is not usually associated with other ocular pathologies. Moderate 
(intermediate) myopia refers to myopia between 3.00 – 6.00 D in magnitude. High 
(pathological myopia) usually describes myopia of > 6.00 D, and it can be associated 
with ocular pathologies such as retinal detachment, posterior staphyloma, retinal 
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breaks or glaucoma due to an excessive elongation of the posterior part of the 
globe.       
 
1.3.2 Myopia aetiology 
1.3.2.1 Biometric basis of refractive error and myopia 
Several lines of evidence suggest that the axial length of the eye, in particular the 
vitreous chamber depth is the primary biometric determinant of refractive error in 
human eyes (Jiang and Woessner, 1996). A range of previous cross-sectional studies 
investigating the association between refractive error and ocular biometric 
parameters in young adults have typically reported a high correlation between axial 
length and spherical refraction of the eye (van Alphen, 1961; Garner et al., 1990; 
Goss et al., 1990; Goss et al., 1997), with myopia being associated with an axial 
elongation of the eye (Grosvenor and Scott, 1993; Jiang and Woessner, 1996).    
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 Table 1.1: Summary of selected studies of myopia prevalence in children and adult populations in the world.  
 
Authors Country Sample size 
Myopia 
definition (SE) 
Age (years) Prevalence of myopia (%) Additional comments 
The Framingham Offspring 
Eye Study Group (1996) 
United States 
of America 
1,585 ≥ -1.00 D 23-78 35 
Younger population (23-34 years, 60%) > 
older population (≥ 65 years, 20%). 
Wensor et al (1999) Australia 4,744 
> -0.50  D 
 
40 - 98 17 
Prevalence was 24 % for age 40 -49 
years, and 17 % for age > 80 years. 
Matsumura et al (1999) Japan 17,320 ≥ -0.50  D 3 - 17 
49.3 — in 1984 
65.6 — in 1996 
Longitudinal study over a period of 12 
years 
Wong et al (2000) Singapore 1,232 > -0.50  D 40 - 79 38.7  
Villarreal et al (2000) Sweden 1,045 ≥ -0.50  D 12 - 13 49.7 Prevalence of bilateral myopia was 39% 
Naidoo et al (2003) South Africa 4,890 ≥ -0.50  D 5 – 15 4  
He et al (2004) China 4,364 ≥ -0.50  D 5 - 15 78.4  
Lam et al (2004) Hong Kong 1,078 ≥ -0.50  D 13- 15 87.2 — local school children  
Lin et al (2004) Taiwan 10,889 ≥ -0.25  D 7 - 18 
20 —age 7 years 
84 — age 16 - 18 years 
Girls > boys 
Vitale et al (2008) 
United States 
of America 
12, 010 > -0.50  D 20+ 33.1  
Sapkota et al (2008) 
Kathmandu, 
Nepal 
4,282 > -0.50  D 10-15 19  
Krishnaiah et al (2009) India 3,642 > -0.50  D 40+ 34.6  
Logan et al (2011) 
United 
Kingdom 
655 ≥ -0.50  D 
6 - 7 
12 - 13 
9.4 
29.4 
Prevalence in South Asians and Black 
African Caribbeans > White Europeans   
Jung et al (2012) South Korea 23,616 > -0.50  D 19 96.5 Male subjects 
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Previous studies have also reported a significant but weak correlation between 
corneal curvature and refractive error (van Alphen, 1961; Garner et al., 1990; Goss 
et al., 1990; Carney et al., 1997; Grosvenor and Scott, 1993) in young adults, 
suggesting that steepening of the corneal curvature may play a minor role in the 
determination of myopia. Studies have shown that corneal steepening is a risk 
factor for the onset of myopia in youth, but subsequent progression of myopia 
occurs primarily due to axial elongation (Grosvenor and Scott, 1993; Goss and 
Jackson, 1995). Other biometric components such as anterior chamber depth 
(Grosvenor and Scott, 1993) and crystalline lens power (Garner et al., 1990; Goss et 
al., 1997) are also known to play a minor role in determining the total magnitude of 
refractive error in human eyes.   
 
Although it is clear that myopia occurs due to excessive axial elongation of the eye, 
and it is thought to be a multi-factorial condition involving both genetic and 
environmental factors, the exact aetiology of myopia is still not thoroughly 
understood.  
 
1.3.2.2 Genetic factors (heredity/parental myopia) 
A large number of studies have implicated genetic factors in the development of 
myopia. Studies of families have shown that the likelihood of a child becoming 
myopic increases with the number of parents being myopic (Yap et al., 1993; Zadnik 
et al., 1994; Pacella et al., 1999; Wu and Edwards, 1999; Mutti et al., 2002). Pacella 
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(1999) found that children with both myopic parents were more than 6 times likely 
to develop myopia compared to children with non-myopic parents.  In a community 
based cohort study (Orinda Longitudinal Study of Myopia) of school children aged 6 
-14  years, Zadnik et al (1994) found that children of myopic parents had longer eyes 
and deeper anterior and vitreous chambers even before any evidence of juvenile 
myopia compared to children with non myopic parents.  
 
The Orinda Longitudinal Study of Myopia (Mutti et al., 2002) also found that 
heredity is the most important factor responsible for the onset of juvenile myopia; 
along with near work, higher school achievements and lesser sports activities also 
making smaller but significant contributions. A twin study (Hammond et al., 2001) 
on monozygotic and  dizygotic twin pairs observed that genetic effects are 
important in the development of both myopic (heritability of 84% ) and hyperopic 
(heritability of 86%) refractive errors. Although these studies support the 
involvement of genetic factors in the development of myopia, the evidence from 
recent decades of a rapid rise in the prevalence of myopia suggests that 
environmental factors are also important in myopia development.  
 
1.3.2.3 Environmental factors 
1.3.2.3.1 Reading and near work   
Previous cross-sectional studies on school children have found that children with 
greater reading exposure and more near work were more likely to be myopic 
(Pärssinen and Lyyra, 1993; Mutti et al., 2002; Saw et al., 2002) after controlling for 
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potential confounders. In a large scale prospective longitudinal study, Hepsen et al 
(2001) found significant myopic shifts (due to increases in the anterior chamber 
depth, axial length and vitreous chamber depth) in emmetropic children performing 
intensive reading and near work. Emmetropic children (matched for age and 
gender) who were not performing intense near work did not exhibit substantial 
myopic shifts. Ip et al (2008) reported that longer periods of continuous reading and 
close reading distances were significantly associated with myopia. Another study by 
Saw et al (2002) found that a greater reading exposure (quantified through the 
number of books read per week) was associated with both higher degree and early 
onset of myopia in young Singaporean children aged 7 -9 years.  These findings 
suggest that reading and near work may be important environmental factors 
associated with myopia; however the exact mechanism underlying the association 
between near work and myopia is still not completely understood.    
 
1.3.2.3.2 Occupation 
A high prevalence of myopia has also been found in a number of occupational 
groups that typically perform intense near activities such as textile workers 
(Simensen and Thorud, 1994), microscopists (Adams and McBrien, 1992; McBrien 
and Adams, 1997; Ting et al., 2004), visual display unit operators and precision 
mechanics (Nyman, 1988).  It has been suggested that a higher prevalence of 
myopia in these occupations with intense near work demands could be associated 
with focussing errors such as excessive accommodation (Adams and McBrien, 1992) 
or greater lags of accommodation at closer working distances (Ting et al., 2004).          
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1.3.2.3.3 Lack of outdoor activities 
Recent studies (Mutti et al., 2002; Jones et al., 2007; Rose et al., 2008; Dirani et al., 
2009; Sherwin et al., 2012) have suggested a protective effect of outdoor activity on 
the development and progression of myopia, with subjects performing more 
physical and outdoor activities typically showing less myopic refraction. Jacobsen et 
al (2008) also reported that a greater amount of physical activity was associated 
with less progression of myopia in young adults.  The inhibitory effects of outdoor 
activity on myopia could be associated with a greater depth of field (causing less 
image blur), greater distance focussing or increased release of dopamine (a 
neurotransmitter that inhibits eye growth in animal models) from the retina due to 
exposure to brighter outdoor light levels (Ashby and Schaeffel, 2010; Rose et al., 
2008).         
 
1.3.2.4 Optical factors 
Whilst near work has been reported to be an important environmental factor 
associated with the onset, presence and progression of myopia (Hepsen et al., 2001; 
Mutti et al., 2002; Saw et al., 2002), the exact mechanism underlying this 
association is still unclear. This has led to the investigation of various optical (such 
as aberrations) and mechanical factors (such as accommodation and convergence) 
that could explain potential underlying mechanisms linking near work to myopia 
development.   
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1.3.2.4.1 Accommodation and near work 
Since near work has been identified as one of the important environmental factors 
for myopia development, various optical changes in the eye associated with 
accommodation could potentially play a role in the development of myopia. During 
near work, the eyes typically converge and accommodate in order to maintain clear 
and single binocular vision of near objects. Given that optical blur may influence 
refractive error development, a number of previous studies have investigated the 
accuracy of accommodation during near work in myopes and emmetropes.  
 
Studies using negative lenses to stimulate accommodation have reported that 
myopes typically exhibit a greater lag of accommodation compared to emmetropes 
(McBrien and Millodot, 1986; Gwiazda et al., 1993a; Gwiazda et al., 1995; Abbott et 
al., 1998). It has been suggested that the hyperopic defocus (the image is focussed 
behind the retina) associated with the lag of accommodation may provide a signal 
for excessive eye growth that might lead to myopia (Gwiazda et al., 1995). However, 
studies using other methods to stimulate accommodation in order to measure 
accommodation accuracy, such as with positive lenses (Gwiazda et al., 1993a) or by 
decreasing the distance of the target (Abbott et al., 1998) have reported conflicting 
results between refractive error groups. The potential role of accommodative lag in 
the onset of myopia is also not clear, with some authors suggesting that a lag of 
accommodation precedes the onset of myopia (Goss, 1991), while others report 
that increased accommodative lag occurs after the onset of myopia, which suggests 
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that a lag of accommodation may be related to the presence of myopia rather than 
a cause of myopia onset (Mutti et al., 2006).   
 
Another important accommodative phenomenon that may be related to myopia is 
near work induced transient myopia (NITM).  NITM is a transient myopic shift that 
can occur in the distance refractive error following a sustained near visual task 
(Ciuffreda and Wallis, 1998; Ciuffreda and Lee, 2002; Wolffsohn et al., 2003).  Some 
studies have found that the magnitude of NITM is greater in myopes (particularly 
late-onset myopes) compared to both hyperopes and emmetropes (Ciuffreda and 
Wallis, 1998). Since NITM is more common in myopes, it was suggested that the 
cumulative effect of the small magnitudes of retinal blur associated with NITM over 
time could potentially result in the development of myopia in the longer term 
(Ciuffreda and Wallis, 1998).       
 
Recent studies have reported that substantial periods of near work (1-2 hours) are 
associated with significant changes in the eye’s optical quality, primarily as a result 
of eyelid pressure on the surface of the cornea while performing near tasks 
(Buehren et al., 2005; Collins et al., 2006). More recently Shaw et al (2008; 2009) 
also reported that even short periods of near work causes significant changes in 
corneal astigmatism (in the direction of against-the-rule astigmatism) due to 
pressure from the eyelid on the cornea in downward gaze.   
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These studies indicate that periods of reading or near work are associated with 
significant changes in the optical quality of the eye. Optical changes associated with 
lag of accommodation, NITM and lid pressure may provide optical cues for axial eye 
growth, associated with myopia development.       
 
1.3.2.4.2 Ocular aberrations 
Given the potential importance of retinal image quality in the regulation of eye 
growth, the characteristics of the eye’s optical quality may be an important factor in 
myopia development. It has been suggested that retinal image degradation due to 
the presence of ocular aberrations might play a role in the development of myopia.        
 
i. Wavefront aberrations and their representation  
Aberration is a term used to describe any imperfection in an ideal optical 
wavefront. The wavefront aberration is measured as the departure of the measured 
wavefront from the ideal spherical wavefront at the exit pupil (Atchison, 2005). 
Zernike polynomials (Figure 1.2) are generally the most accepted way of 
representing the eye’s wavefront aberrations (recommended by International 
Organisation for Standardisation, 2008). The second order Zernike polynomials 
(often referred as “lower-order aberrations”) represent the traditional refractive 
errors (i.e. defocus, horizontal/vertical astigmatism and oblique astigmatism) of the 
eye. Zernike terms from the third order and above are referred to as “higher-order 
aberrations”.   
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ii. Normal ocular monochromatic aberrations 
A large number of studies have examined the magnitude of aberrations in the 
normal population (Porter et al., 2001; Castejón- Mochón et al., 2002; Thibos et al., 
2002a; Wang and Koch, 2003; Salmon and van de Pol, 2006). Large amounts of 
inter-subject variation in aberrations have typically been noted in the normal 
population, with lower order (sphere and cylinder) aberrations generally 
dominating other aberrations (Castejón- Mochón et al., 2002; Thibos et al., 2002a).  
Zernike defocus ) is the largest contributor to the wave aberration in normal 
healthy eyes, which is followed by the second-order astigmatic modes (  and ) 
(Porter et al., 2001; Thibos et al., 2002a; Castejón- Mochón et al., 2002).  
 
Spherical aberration ) generally represents the largest magnitude of the higher-
order aberrations in human eyes (Porter et al., 2001; Thibos et al., 2002a; Wang and 
Koch, 2003). Some studies have also reported significant contributions from third-
order Zernike aberrations (i.e. coma and trefoil  in the higher-order optics of 
normal eyes (Porter et al., 2001; Thibos et al., 2002b; Wang and Koch, 2003). In 
general, most of the cross-sectional studies on wavefront optics agree that 
aberrations beyond the fourth order generally only make a minor contribution to 
the higher-order optics of most normal eyes (Porter et al., 2001; Thibos et al., 
2002a; Wang and Koch, 2003; Salmon and van de Pol, 2006).       
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Figure 1.2: A tree showing Zernike polynomials for the description of ocular aberrations and their three-dimensional representation from zero order through 
the sixth order.     
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iii. Aberrations and myopia 
a) Degradation of retinal image quality  
Since higher-order aberrations have the potential to degrade the retinal image, it 
has been suggested that they may play a role in the development of myopia by 
stimulating compensatory eye growth.  However, in human eyes, the influence of 
ocular aberrations in the development of myopia is unclear, with some studies 
suggesting an increase in aberrations associated with myopia (He et al., 2002; 
Marcos et al., 2002; Paquin et al., 2002), and others reporting no significant change 
in higher-order aberrations with myopia (Porter et al., 2001; Carkeet et al., 2002; 
Cheng et al., 2003c; Atchison et al., 2006).   
 
Whilst a few previous authors have found the magnitude of  to be higher in 
myopic eyes compared to emmetropic eyes (He et al., 2002; Paquin et al., 2002) 
that increased with increasing levels of myopia (Paquin et al., 2002), some others 
have reported no significant differences in the magnitude of   between refractive 
error groups (Porter et al., 2001; Carkeet et al., 2002; Cheng et al., 2003).  Some 
studies have also reported an increase in coma like aberrations in myopes 
compared to age matched emmetropes (Paquin et al., 2002).  
 
Previous studies have also examined the effects of near work and accommodation 
on ocular aberrations in different refractive error groups (Collins et al., 1995; 
Buehren et al., 2005). Collins et al (1995) found fourth order aberrations to be 
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significantly lower in myopes compared to emmetropes for different 
accommodation levels ranging from 0 to 3 D. In another study, Buehren et al (2005) 
observed significantly greater ocular higher-order aberrations in myopic compared 
to emmetropic eyes following a 2-hour reading task, primarily due to changes in the 
corneal aberrations associated with a narrower palpebral aperture size during 
reading in myopes compared to emmetropes.   
 
The differences in results between the above studies could be attributed to 
differences in sample size, subject’s age or refractive error, measurement 
techniques, pupil sizes and analysis methods employed by individual studies. 
Although there is some evidence to suggest that myopes exhibit increased ocular 
higher order aberrations, particularly following near work (Buehren et al., 2005), 
the exact role of aberrations in refractive error development remains to be fully 
understood.   
   
1.3.2.5 Mechanical factors 
Some theories of myopia development suggest that mechanical factors may be 
involved in the axial elongation of the eye underlying myopia (Greene, 1980). A 
number of studies have examined the mechanical effects of IOP, convergence, 
accommodation and extraocular muscle forces, and the potential role of these 
factors in myopia development.   
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1.3.2.5.1 Convergence 
Bayramlar et al (1989) found a significant increase in axial length (mainly due to an 
increase in the vitreous chamber) for both cycloplegic and non cycloplegic 
conditions during near fixation, suggesting that transient ocular elongation during 
near work is primarily a result of accommodative convergence rather than 
accommodation itself. In a more recent study, Read et al (2010a) using partial 
coherence interferometry (PCI) did not find any significant change in eye’s axial 
length associated with a short period of sustained convergence (induced by using 
base out prisms).  
 
1.3.2.5.2 Ciliary muscle forces 
Previous studies have reported a transient elongation in the eye’s axial length 
associated with brief periods of accommodation, proportional to the level of 
accommodative stimulus (Drexler et al., 1998; Mallen et al., 2006; Read et al., 
2010b). However, the results of the influence of refractive error on these 
accommodation induced changes in axial length are conflicting with some earlier 
studies reporting a larger ocular elongation in emmetropes compared to myopes 
(Drexler et al., 1998) whereas more recent studies closely matched for both age and 
accommodation stimulus levels between the two refractive error groups reporting a 
greater increase in axial length for myopes compared to emmetropes (Mallen et al., 
2006) or no significant difference in axial elongation between the two refractive 
groups (Read et al., 2010b).  These differences in results between refractive error 
groups in recent studies could be related to the age of the subjects or differences in 
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myopic cohorts (e.g. magnitude of myopia). The changes in axial length also appear 
to be transient in nature and dissipate quickly following cessation of 
accommodation (Woodman et al., 2011). It has been suggested that 
accommodation induced changes in axial elongation mainly occur as a result of 
contraction of the ciliary muscle, causing an inward pull of the choroid and the 
adjacent sclera, resulting in a backward displacement of the posterior globe in order 
to retain a constant volume of the eye (Drexler et al., 1998; Mallen et al., 2006).      
 
1.3.2.5.3 Extraocular muscle forces 
Recently, Ghosh et al (2012) using an optical biometer investigated the influence of 
gaze directions on axial length along the visual axis (using a rotating prism with 15o 
deviation) for young adult emmetropes, low myopes and moderate myopes. A 
significant axial elongation of the eye was found to occur in infero-nasal gaze, which 
was significantly greater in moderate myopes compared to the other two groups. 
Further, using a tilting stage for the measurements of axial length in down gaze, a 
significant axial elongation was observed with full eye turn (under the influence of 
the extraocular muscles), but not with head turn (the influence of gravity), 
suggesting that the changes in axial length in down gaze occur mainly due to the 
influence of the extraocular muscles, in particular the oblique muscles.         
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1.3.2.5.4 Intraocular pressure 
It has been proposed that raised IOP could mechanically inflate the globe, resulting 
in axial elongation of the eye (Greene, 1980; Pruett, 1988).  However, the results 
examining the potential role of IOP in myopia development aren’t conclusive.         
 
i. Animal models  
De Rousseau and Bito (1981) found that infant monkeys normally have higher IOP 
than that of adults that decreases steadily during the post natal growth phase from 
early infancy through adulthood, suggesting an important role of IOP in regulating 
the growth of the developing eye. In chickens, Schmid et al (2003) also reported a 
systematic decrease in IOP during normal ocular development from 1 week post 
hatching to juvenile phase (6 weeks). However, the relationship between eye 
growth and IOP appeared to be somewhat disrupted in chickens with 
experimentally induced myopic and hyperopic refractive errors.                       
 
Studies on a variety of animal models have also demonstrated that experimentally 
elevating IOP results in an axial elongation of the eye (Tokoro et al., 1970; Greene 
and McMahon, 1979; van Alphen, 1986; Phillips and McBrien, 2004). Alternatively, 
the development of myopia could be due to changes in the biochemical properties 
of the sclera (such as scleral extracellular matrix synthesis), which in turn influence 
the biomechanical properties of the sclera and result in an increased mechanical 
influence of IOP on the globe (Nickla et al., 1998b; Phillips and McBrien, 2004).  
31 
 
Although these findings support a potential mechanical role of IOP in myopia 
development, the findings by Schmid et al (2000) that pharmacologically lowering 
IOP did not inhibit the development of form deprivation or lens induced myopia, 
suggests that the relationship between IOP and eye growth is more complex than a 
simple pressure expansion relationship.     
 
ii. Humans  
A number of previous cross sectional (Edwards and Brown, 1993; Edwards et al., 
1993; Quinn et al., 1995; Lee et al., 2004) and longitudinal (Jensen, 1992; Edwards 
and Brown, 1996; Goss and Caffey, 1999) studies examining the association 
between IOP and myopia in children have reported mixed findings. Whilst some 
earlier studies reported IOP to be higher in myopic eyes by ~ 1—2 mm Hg compared 
to non-myopic eyes (Edwards and Brown, 1993; Quinn et al., 1995), a more recent 
study by Lee et al (2004) performed on a larger cohort, equally balanced for myopic 
and emmetropic subjects, found no significant differences in IOP associated with 
myopia. In a longitudinal study, Jensen (1992) found that children with high baseline 
IOP had a higher rate of myopia progression over a period of 2 years. In contrast to 
these findings, two other longitudinal studies (Edwards and Brown, 1996; Goss and 
Caffey, 1999) have reported that the onset of myopia was not preceded by high IOP, 
and suggested that an increase in IOP occurs after the development of myopia in 
young children. Although both of these studies generally suggest that IOP is not an 
important factor in myopia development, they did not preclude the possibility of 
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short-term elevation in IOP occurring immediately before (a few days/weeks) the 
onset of myopia.   
 
Some recent studies have also examined the changes in axial length in response to 
short-term mechanically induced elevation of IOP in human eyes (Leydolt et al., 
2008; Ebneter et al., 2009; Read et al., 2011a). Using an in vivo suction cup 
technique, Leydolt et al (2008) found that a short-term elevation in IOP was 
associated with a significant increase in axial length. Read et al (2011a) also 
reported a small but significant axial eye elongation in both myopes and 
emmetropes associated with a small increase in IOP with swimming goggles. These 
studies further support the potential role of mechanical forces induced by IOP to be 
involved in the development of myopia in human eyes.   
 
In summary, both genetic and environmental factors (such as near work) have been 
associated with myopia development in human eyes. Although the role of changes 
in the eye’s optical quality associated with accommodation (such as lag of 
accommodation) have been equivocal, recent evidence of eyelid induced changes in 
corneal and ocular aberrations following near work support the potential 
involvement of abnormal optical cues in myopia development. Additionally, 
mechanical forces associated with convergence, accommodation, IOP and 
extraocular muscles are known to cause short-term changes in axial length, and 
hence they might also be involved in myopic eye growth in humans. However, 
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further research is required to better understand the importance of these 
aetiological factors in human myopia development. 
 
This section has concentrated upon the major factors that have previously been 
found to be associated with myopia development in human eyes. Apart from these 
factors, a range of other clinical entities of myopia such as pseudomyopia (that 
occurs due to a spasm of the ciliary muscle, Walker, 1946) and  night myopia (where 
the eye becomes relatively myopic in dim illumination, Koomen et al., 1951) have 
been previously described in the literature. Myopia is also known to be associated 
with a range of ocular (e.g. lens subluxation, retinopathy of prematurity and 
coloboma) and systemic disorders (such as Marfan’s syndrome, Stickler syndrome 
and Down syndrome) (Marr et al., 2001).   
 
1.4 Ocular diurnal variations  
A range of different biological functions and processes in the body undergo cyclic 
variations over the 24-hour day-night cycle. Diurnal variation is a general term 
typically used to refer to periodic fluctuations that occur over the course of the day. 
Circadian rhythm is a term that specifically describes endogenous rhythms that 
oscillate with a period close to 24 hours, and are known to continue to occur in the 
absence of external environmental cues.  These rhythms are thought to be 
regulated by the suprachiasmatic nucleus within the brain, and are normally 
entrained to the environmental rhythms of the outside world such as the 24-hour 
light-dark cycle (Zisapel, 2001).   
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A broad range of ocular components have been found to undergo significant diurnal 
variations. Diurnal variations in IOP (Liu et al., 1998 ; Liu et al., 2003 ; Wilson et al., 
2006 ; Read et al., 2008) corneal thickness (Kiely et al., 1982; Harper et al., 1996; 
Feng et al., 2001; Read et al., 2009), corneal topography (Kiely et al .,1982, Read et 
al .,2005; Read et al., 2009) and anterior chamber biometrics (Mapstone and Clark, 
1985; Read et al., 2008), have been well researched over the years. However, there 
have been only relatively limited number of investigations into diurnal variations of 
axial length (Stone et al., 2004; Wilson et al., 2006 and Read et al., 2008) and 
choroidal thickness (Brown et al., 2009) in human eyes.  
 
 1.4.1 Diurnal variation of ocular components        
1.4.1.2 Cornea 
1.4.1.2.1 Corneal thickness   
Studies (Mertz, 1980; Kiely et   al., 1982; Holden et al., 1983; Harper et al., 1996; 
Feng et al., 2001; Read et al., 2009) examining both the central and peripheral 
cornea have all reported the cornea to be significantly thicker in the morning (after 
waking) and to undergo a gradual thinning over the course of the day. The mean 
magnitude of central corneal swelling observed upon waking has ranged from ~ 3 – 
5% (Mertz, 1980; Holden et al 1983; Harper et al., 1996; Feng et al., 2001).  The 
overnight swelling of the cornea observed in the early morning has typically been 
attributed to hypoxia induced swelling due to reduced oxygen supply to the cornea 
under closed lids.  
 
35 
 
1.4.1.2.2 Corneal curvature  
Previous studies using different instruments such as keratometers (Kiely et al., 
1982), Placido-disk based videokeratoscopes (Read et al., 2005) and rotating 
Scheimpflug cameras (Read et al., 2009) have reported significant diurnal variations 
to occur in the anterior corneal curvature, with a significantly flatter anterior 
corneal curvature found in the morning (soon after waking), that undergoes gradual 
steepening throughout the day. The anterior corneal steepening has been found to 
be significantly associated with the reduction in the corneal thickness over the day 
(Kiely et al., 1982; Read et al., 2005; Read et al., 2009). Read et al (2005) also 
observed significant diurnal variations in corneal astigmatism, with power vector 
“J0” (astigmatism in 90/180 degrees) and “J45” (astigmatism 45/135 degrees) 
exhibiting significant increases and decreases respectively over the course of the 
day. Read et al (2009) also reported significant diurnal variations in the posterior 
corneal curvature, with the posterior cornea being typically steeper in the early 
morning soon after waking, and then undergoing a gradual flattening throughout 
the day. These posterior corneal changes were also associated with diurnal changes 
in the corneal thickness.  
 
From the above studies it is clear that the majority of change in corneal parameters 
(including corneal thickness and curvature) typically occur in the morning 
immediately after waking, with parameters returning to normal within the first few 
hours after eye opening. These changes are primarily attributed to the overnight 
swelling of the cornea as a result of corneal hypoxia under closed lids.       
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1.4.1.3 Anterior chamber depth  
The anterior chamber depth (ACD) is typically defined as the distance from the 
posterior corneal surface to the anterior surface of the crystalline lens. Mapstone 
and Clark (1985), based upon two measurements over the course of the day, found 
that anterior chamber depth and volume were significantly lower in the evening 
than in the morning. More recently, Read et al (2008) acquired ACD measures at 6 
time points over a period of 24 hours. The ACD was found to be shallowest in the 
morning (immediately after waking) and was typically deepest at the late night-time 
measurement sessions. The narrowing of the ACD upon waking is consistent with 
the cornea swelling in the posterior direction in the morning (Read et al., 2009). The 
changes in ACD observed throughout the day could potentially reflect variations in 
aqueous humor dynamics within the anterior chamber.  
 
1.4.1.4 Intraocular pressure   
The eye’s intraocular pressure is an important clinical measurement, particularly for 
the diagnosis and management of ocular diseases such as glaucoma. For this 
reason, there has been a large volume of research investigating the diurnal variation 
of IOP in normal human subjects using several different tonometric techniques. 
These studies generally agree that the highest IOP typically occurs in the morning, 
and the lowest IOP in the evening (Drance, 1960; Frampton et al., 1987; David et al., 
1992; Pointer, 1997; Liu et al 1998, 2003; Wilson et al., 2006; Kida et al., 2006; Read 
et al., 2008) in healthy young adult subjects. The mean diurnal amplitude (peak – 
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trough) of change in IOP has been reported to be ~ 3 - 3.5 mmHg in normal healthy 
young adults (Liu et al 1998, 2003; Kida et al., 2006; Read et al., 2008).   
 
1.4.1.4.1 Factors influencing diurnal variations in intraocular pressure 
A range of different factors may influence IOP measures, and could potentially 
influence diurnal IOP fluctuations. Recent research has demonstrated that the 
refractive status may have an influence on the diurnal rhythms in IOP, with both 
young adult myopes (Liu et al., 2002) and hyperopes (Loewen et al., 2010) 
exhibiting differences in the magnitude and timing of diurnal rhythms in IOP 
compared to age matched emmetropes. Studies have also suggested the influence 
of posture on IOP, with IOP typically found to increase with supine compared to 
sitting posture (Jain and Marmion, 1976; Friberg et al., 1987; Kothe, 1994; Liu et al., 
1998, 2003). Additionally, a range of studies have also reported a significant 
decrease in IOP associated with accommodation (Armaly and Rubin, 1961; Armaly 
and Jepson, 1962; Win-Hall and Glasser, 2009; Read et al., 2010c), that is 
proportional to the level of accommodative demand (Win-Hall and Glasser, 2009). 
Short periods of aerobic exercise have also been found to be associated with 
significant reductions in IOP (Leighton and Phillips, 1970; Martin et al., 1999; Read 
and Collins, 2011), the magnitude of which has been found to be related to the 
intensity of exercise (Harris et al., 1994). Other factors such as; the direction of gaze 
(Nardi et al., 1988; Herzog et al., 2008), choroidal blood flow and ocular pulse 
amplitude (Findl et al., 1997) may also influence IOP, and hence they could also 
potentially influence the diurnal variations that occur in IOP.     
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In summary, diurnal variations in IOP have been extensively studied in the past in 
human eyes. IOP is typically highest in the morning, and the minimum IOP is 
observed in the evening. A range of different factors such as posture, 
accommodation, exercise and extraocular muscle forces that are known to cause 
short-term changes in IOP could also influence the diurnal variations in IOP.   
  
1.4.1.5 Axial length 
1.4.1.5.1 Measurement of axial length 
Traditionally, the most widely used method for measuring the axial length was A-
scan ultrasound. This was considered as the gold standard for axial length measures 
for the determination of intraocular lens power in patients undergoing cataract 
surgery, and has been widely used over the years in refractive error research 
(Zadnik et al., 1993; Fulk et al., 2000). The major drawbacks of A-scan ultrasound 
measurement are the contact between the ultrasound probe and the eye requires 
application of local anaesthesia, risk of corneal epithelial abrasion and infection, 
and most importantly limited measurement resolution and precision of ~ 100 - 200 
µm (Olsen, 1989; Raj et al., 1998). The relatively recent introduction non-contact 
techniques based upon optical interferometry principles has improved the accuracy 
and precision of axial length measurements by an order of magnitude ~ 10 - 20 μm 
(Hitzenberger, 1991; Hitzenberger et al., 1993). The use of these techniques has 
allowed very small changes in axial length to be quantified and has lead to the 
recent findings that significant diurnal variation occurs in axial length of human 
eyes.  
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There are two commercially available instruments (IOL Master, Carl Zeiss Meditec 
AG, Jena, Germany; and Lenstar LS 900, Haag – Streit AG, Koeniz, Switzerland) 
based on the optical interferometry principle. Optical interferometry compares the 
optical path lengths of two coaxial beams, utilizing a dual scanning system in which 
the reflection from a reference beam (causing coherent superposition of light 
waves) is used to calculate distances within the eye.  Previous studies have shown 
that axial length measurements from both of these instruments correlate closely 
with A-scan ultrasound (Salouti et al., 2011). Recent studies have shown that results 
from the Lenstar are also comparable to the IOLMaster (Holzer et al., 2009; 
Buckhurst et al., 2009; Rohrer et al., 2009). Studies with both IOL Master (typical 
intersession repeatability for axial length measurement is about 0.04 mm, Hussin et 
al., 2005; Kimura et al., 2007) and Lenstar (typical intrasession and intersession 
repeatability for axial length is about 0.016 and 0.03 mm, Cruysberg et al., 2010; 
Shammas and Hoffer, 2012) have shown that both instruments provide highly 
repeatable results.   
 
1.4.1.5.2 Diurnal variations in axial length  
Studies utilizing optical interferometry measures have shown that the axial length 
of the human eye undergoes small, but significant diurnal variations. These studies 
have typically defined axial length as the distance from the anterior cornea to the 
retinal pigment epithelium (RPE). A study conducted by Stone et al (2004) to 
investigate the diurnal fluctuations of eye length in humans found that during at 
least one day (between 7 am to 1 am), 15 out of 17 subjects exhibited a statistically 
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significant diurnal variation of axial length with the amplitude of change ranging 
between 15 - 40 µm. The longest axial length was typically observed at midday. 
However, there were day to day differences reported in the diurnal rhythm and 
fluctuations did not appear regularly in all the subjects on all examination days 
suggesting the potential role of other physiological influences in the diurnal rhythm.      
 
Another prospective study investigated the association between the diurnal 
oscillations of IOP using Goldmann applanation tonometry and axial length using 
partial coherence interferometry (PCI, Wilson et al., 2006) at six 3-hour intervals 
starting at 7 am and finishing at 10 pm. They found that both IOP and axial length 
underwent diurnal fluctuations in most subjects. Even though the mean peak times 
of axial length  and IOP were found to be similar (approximately 1400 hours) ; 
neither rhythm was found to be symmetric in both the eyes of a subject on a single 
day of measurement, and neither rhythm was regular on two separate days of 
examination in a single eye. For the subjects where both axial length and IOP 
rhythms fluctuated symmetrically in the same eye on the same day of 
measurement, there was no significant correlation observed between the 
amplitude, time period and phase of axial length and IOP rhythms.   
 
 Similarly a study performed by Read et al (2008) confirmed that both axial length 
and IOP undergo significant diurnal fluctuation, with measurements taken over a 
period of 24 hours in young adult emmetropic subjects. Similar to Stone et al 
(2004), the peak in the axial length was observed during the day time (mean 1300 
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hours); whereas the minimum axial length was found to occur during the night time 
(mean 2230 hours). The mean amplitude of axial length change was found to be 
0.046 ± 0.022mm. In contrast to the observation of Wilson et al (2006), Read et al 
(2008) observed a weak but statistically significant association between the 
fluctuation of axial length and IOP over a period of 24 hours as measured by 
dynamic contour tonometry, a technique thought to provide IOP measures largely 
independent of corneal thickness. They postulated a small but significant influence 
of IOP variations on the diurnal fluctuations of axial length.  
 
A range of different factors could potentially influence the diurnal variations in axial 
length of human eyes. As axial length is the primary biometric determinant of 
refractive error, diurnal variations in axial length could potentially be influenced by 
refractive error. However, none of the previous studies have specifically examined 
the potential influence of refractive error on the diurnal axial length rhythms of 
human subjects.  A range of other factors such as accommodation (Drexler et al., 
1998; Mallen et al., 2006), convergence (Bayramlar et al., 1999), defocus (Read et 
al., 2010d), exercise (Read and Collins, 2011) and water loading (Read and Collins, 
2010) have recently been found to cause short term changes in axial length.  These 
findings suggest that typical visual tasks, physical exercise, or changes in ocular 
optics throughout the day could potentially influence the diurnal axial length 
variations. However, none of the previous studies have controlled (or accounted) 
for these factors while obtaining diurnal measures of eye length throughout the 
day.     
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All of these studies investigating the diurnal variations in axial length generally 
agree that human eyes typically exhibit their longest axial length during the day and 
their shortest axial length during the night, with an average magnitude of diurnal 
change in axial length between 25 - 45 µm. However, other features of diurnal axial 
length variations in humans like consistency of the rhythms between days, the 
influence of IOP, the influence of refractive error and the potential underlying 
causes (such as  choroidal thickness variations) of the variations need to be clarified 
and investigated in further detail.   
 
1.4.1.6 Retina 
1.4.1.6.1 Retinal thickness 
Given that the RPE defines the posterior limit of axial length in previous studies on 
human subjects (Stone et al., 2004; Wilson et al., 2006; Read et al., 2008), small 
temporal variations in the thickness of the retina could potentially influence the 
axial length changes in human eyes.  Significant diurnal variations in retinal 
thickness have been reported in retinal pathological conditions such as diabetic 
macular edema (Frank et al., 2004; Larsen et al., 2005; Polito et al., 2006) and 
central retinal vein occlusion (Gupta et al., 2009). Previous studies (Larsen et al., 
2005; Jo et al., 2011, Tan et al., 2011, Read et al., 2012) using optical coherence 
tomography (OCT) have found that retinal thickness in normal human eyes does not 
appear to show evidence of significant diurnal variation. These studies using both 
time domain (Polito et al., 2006; Jo et al., 2011) and spectral domain (Jo et al., 2011, 
Tan et al., 2011, Read et al., 2012) OCT devices have examined the diurnal variations 
43 
 
in retinal thickness over a period of about 9 hours (9 am to 6 pm) in a day, and have 
generally reported very small and statistically insignificant changes in retinal 
thickness (the mean diurnal change in retinal thickness typically ranging between 1- 
5 μm).     
 
1.4.1.6.2 Retinal processes 
Circadian rhythms have also been observed in a range of different retinal 
physiological processes including melatonin synthesis (a neurohormone which is 
produced in the pineal gland and in retinal photoreceptors of vertebrates) (Cahill et 
al., 1991; Tosini, 2000), retinal activity (Birch et al., 1984; Tuunainen et al., 2001) 
and retinal dopamine release (Wirz-Justice, 1984; Di Paolo et al., 2002) in both 
mammalian (including humans) and non-mammalian retinas. A number of previous 
studies have reported diurnal changes in the synthesis of retinal melatonin, with 
melatonin levels being significantly higher at night (Cahill et al., 1991; Tosini, 2000). 
The diurnal changes in melatonin synthesis has been implicated in a range of 
different rhythmic retinal functions including photoreceptor disc shedding 
(Besharse and Dunis, 1983), photoreceptor degeneration (Bubenik and Purtill, 1980; 
Wiechmann and O’Steen, 1992), and also in retinal dopamine neurotransmission by 
inhibiting dopamine release (Iuvone and Gan, 1994).  
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Previous studies have also reported significant diurnal changes in the levels of 
retinal dopamine in mammalian eyes (Wirz-Justice, 1984; Doyle et al., 2002), with 
higher retinal dopamine levels during the day (Doyle et al., 2002). The synthesis of 
retinal dopamine is known to have inhibitory effects on melatonin production in the 
retina (Cahill and Besharse, 1991; Tosini, 2000). Apart from a variety of important 
retinal functions (Cahill and Besharse, 1995; Tosini, 2000), retinal dopamine is also 
implicated to have inhibitory effects on the development of myopia in animals 
(Ashby and Schaeffel, 2010).   
 
1.4.1.7 Choroidal thickness 
1.4.1.7.1 Functional significance of the choroid 
Given that axial length in many previous human studies has been identified as the 
distance from the anterior cornea to the retina, variations in the choroid (the 
vascular tissue that is posterior to the retina) could potentially influence diurnal 
axial length changes. Histologically, the choroid is divided into 5 layers (from inner 
to outer surface), these are Bruch’s membrane, a layer of capillaries called the 
choriocapillaris, two layers of larger vassels (Haller’s and Sattler’s layer) and the 
suprachoroid (a transition layer between the choroid and sclera) (Figure 1.3).   
 
It is known that the major blood supply to the outer retina is the choroid. The large 
fenestrated capillaries of the choroid facilitate the transport of important nutrients 
as well as oxygen to the outer retina (Bill et al., 1980). The high choroidal blood flow 
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is thought to be involved in temperature regulation of the retina (Parver et al., 
1980; Parver et al., 1982). The choroid is also thought to play an important role in 
refractive error development as imposing defocus on animals can lead to 
predictable short term changes in choroidal thickness, along with longer term 
changes in scleral growth (Hung et al., 2000; Wallman et al., 1995).  
 
As the choroid is highly vascularised (Guyer et al., 1994), changes in choroidal blood 
flow could potentially be involved in the diurnal variations of its thickness. In 
previous studies on chick eyes, defocus induced changes in choroidal thickness have 
been found to be associated with transient changes in choroidal blood flow (Shih et 
al., 1993; Fitzgerald et al., 2002). Given the evidence of diurnal variations in ocular 
perfusion pressure (OPP, considered to be an indirect approximation of choroidal 
blood flow, Sehi et al., 2005) in human eyes, variations in choroidal blood flow could 
potentially contribute to the diurnal variation of choroidal thickness.    
     
A range of other factors could also potentially modulate the observed changes in 
choroidal thickness including changes in vascular permeability, osmotic movements 
of fluid or changes in the tone of choroidal non-vascular smooth muscle (Nickla and 
Wallman, 2010). As the choroid has a rich neural supply (Lütjen-Drecoll E, 2006), 
diurnal variations in autonomic innervations (Schmid et al., 1999) or endogenous 
neuro-modulators such as nitric oxide (Nickla and Wildsoet, 2004) could also 
potentially be involved in its diurnal changes. Changes in the choroid have also been 
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reported to occur in response to different ambient lighting conditions (Longo et al., 
2000; Fuchsjäger-Mayrl et al., 2001; Lovasik et al., 2005).  
 
Although the exact relationship between these two processes is ambiguous, it has 
been suggested that one possible mechanism through which the choroid could alter 
the growth of the sclera is by synthesizing growth factors that might inhibit or 
stimulate scleral growth. There is evidence from previous research that choroidal 
cells secrete a range of different growth factors (Lutty et al., 1993; Wang et al., 
1995; Mertz and Wallman, 2000; Jobling et al., 2009) that may be involved in scleral 
remodelling and visual regulation of ocular growth in animals.    
 
1.4.1.7.2 Measurement of choroidal thickness  
Traditional clinical techniques such as ophthalmoscopy and fundus photography 
cannot visualize the full choroidal thickness due to the pigmentation of the RPE and 
choroid (Spaide et al., 2008). Contact B-scan ultrasonography can be used to 
examine the posterior segment of the eye (Hewick et al., 2004; Coleman et al., 
2004), although it provides relatively poor axial and lateral resolution (Coleman et 
al., 2004).    
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Figure 1.3: Illustration of the typical features observed in histological images of the choroid 
(Adapted from: Nickla DL, Wallman J. The multifunctional choroid. Prog Retin Eye Res. 
2010; 29: 144-168). 
 
Research to improve understanding of functional aspects of the choroid, and 
identification of choroidal changes as potential markers for the onset and 
progression of many ocular diseases has provided the catalyst to develop improved 
imaging techniques to allow better visualization of the choroidal structures.  
Recently, optical imaging and measurement techniques (such as PCI and optical 
low-coherence reflectometry (OCLR)) based upon interferometry that are primarily 
used for the measurement of axial length of the eye have also been shown to allow 
measurements of retinal and choroidal thickness (Schmid et al., 1996; Brown et al., 
2009). Previous studies with these techniques have shown that the A-scan data 
from the posterior eye typically contains a series of peaks corresponding to retinal 
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and choroidal structures with the anterior peak (P1) thought to originate from the 
inner limiting membrane of the retina, the central peak (P3) from the retinal 
pigment epithelium and the posterior peak (P4) from the choroid/sclera interface 
(Schmid et al., 1996) (Figure 1.4).   
 
Although these methods are capable of reliable determination of the choroidal 
thickness, they do have some limitations such as choroidal thickness measurements 
are not possible in all subjects, due to poor signal quality from the choroidal/scleral 
interface, and these measurements also require subjective manual detection of the 
A-scan peaks. Additionally, both PCI and OCLR biometry provide choroidal 
measurements from only a single choroidal location.  
 
Figure 1.4: Measurement of retinal thickness (distance between the peak P1 and P3) and 
choroidal thickness (distance between the peak P3 and P4) using the A-scan data 
originating from the posterior eye of an optical low-coherence reflectometry instrument.     
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Optical coherence tomography (OCT) is an optical imaging technique, also based 
upon interferometry that provides high-resolution cross-sectional images of the 
ocular structures (Huang et al., 1991). OCT has several advantages compared to 
other ocular biometric and imaging techniques such as ultrasonography and 
magnetic resonance imaging, particularly in terms of improved axial and lateral 
resolution, and its fast, and non-invasive nature (Drexler et al., 2001).  
 
The more recent commercial OCT units, which are based on the spectral domain 
detection (SD OCT) technology allow for high scanning speeds (~ 20,000 to 40,000 
A-scans/sec), high image resolution (axial resolution of 3 - 5 μm) and scan density 
(Kiernan et al.,  2010), and have been shown to provide reliable measurements of 
choroidal thickness in both younger and older populations (Spaide et al., 2008; 
Margolis and Spaide, 2009; Manjunath et al., 2010; Benavente-Perez et al., 2010). 
The measurements of choroidal thickness derived from SD OCT also have been 
found to correlate closely with measurements from OLCR biometry (Read et al., 
2011b).    
 
A number of techniques have been employed with OCT imaging to improve the 
visualization of the chorio-scleral interface including deliberate focussing of the 
instrument closer to the eye than normal (enhanced depth imaging) (Spaide et al., 
2008), the averaging of multiple B-scans in order to improve signal to noise ratio 
(Sander et al., 2005; Manjunath et al., 2010; Alonso-Caneiro et al., 2011), and the 
use of longer wavelength light sources (1050 to 1060 nm) that penetrate more 
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effectively through the RPE (Považay et al., 2007; Považay et al., 2008; Ikuno et al., 
2010).   
 
Previous studies using OCT have found the average choroidal thickness in normal 
humans to range from approximately 270 - 350 µm in the subfoveal region (Table 
1.2), and becomes thinner in the more peripheral regions on either side of the fovea 
(Spaide et al., 2008; Margolis and Spaide, 2009; Manjunath et al., 2010; Ikuno et al., 
2010). In the parafoveal region, the choroid is relatively thinner in the nasal region 
(more proximal to the optic disc) compared to the temporal region (Margolis and 
Spaide, 2009; Manjunath et al., 2010; Ikuno et al., 2010). The choroid gets 
progressively thinner with age (Margolis and Spaide, 2008; Manjunath et al., 2010; 
Ikuno et al., 2010). The profile of choroidal thickness also depends on factors such 
as refractive error, axial length and ethnicity of subjects (Ikuno et al., 2010; Agawa 
et al., 2011). Choroidal thickness decreases with increasing axial length and degree 
of myopia (Agawa et al., 2011).   
 
1.4.1.7.3 Diurnal variations in choroidal thickness  
Due to difficulties in non-invasively measuring the thickness of the choroid reliably, 
there have been only a limited number of studies investigating the presence of 
diurnal variations of choroidal thickness in human eyes. Brown et al (2009), in a 
retrospective analysis of PCI data, recently reported the first evidence of diurnal 
variations in choroidal thickness in a small number of human subjects.  The 
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choroidal peak (P4) was detected in just 28% of the subjects but increased to 70% 
when the algorithm was applied on multiple measurement sessions at different 
time points (due to averaging of poor data with inherently low signal-to-noise ratio), 
with a mean choroidal thickness of 426 μm, and a mean amplitude of change of 60 
± 24 μm. Although a trend was observed for variations in choroidal thickness to be 
in approximate anti-phase to axial length variations, some inconsistencies in the 
pattern of choroidal change between subjects and between days of testing was 
reported.    
 
Two recent studies have reported significant diurnal variations in subfoveal 
choroidal thickness using OCT. Tan and colleagues (2012), carried out 
measurements on two different measurement days separated by at least three 
months, at five different time points spaced at 2 hour intervals (from 9:00 am to 
5:00 pm). They reported significant diurnal variation in choroidal thickness, with a 
mean diurnal amplitude of 33.7 ± 21.5 µm (range, 3 to 67 µm). The thickest choroid 
was typically observed in the morning (9:00am), whereas the thinnest choroid was 
observed in the evening (5:00 pm) on both days of testing. Additionally, the 
amplitude of change (43.1 vs. 10.4 µm) was found to be larger for subjects with 
thicker baseline choroidal thickness (≥400 µm) compared to subjects with thinner 
choroids (≤300 µm).   
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Table 1.2: Summary of the mean in-vivo human subfoveal choroidal thickness of normal healthy eyes of different ages. 
 
Study 
 
 
Mean age (years) 
 
Number of subjects 
(n) 
Instrument 
Mean subfoveal 
choroidal thickness 
± SD (μm) 
Additional comment 
Spaide et al 
(2008) 
33.4 (range, 19 - 
54) 
17 SD-OCT  (Heidelberg Spectralis) 
Right eye - 318 
Left eye - 335 
Deliberate focussing of the instrument 
closer to the eye for OCT acquiring 
images 
Margolis and 
Spaide (2009) 
 
50.4 (range, 19 - 
85) 
 
30 SD-OCT  (Heidelberg Spectralis) 
 
287 ± 76 
 
Negative correlation with age 
Manjunath et al 
(2010) 
51.1 (range, 22 - 
78) 
34 SD-OCT (Cirrus HD-OCT) 272 ± 81 Negative correlation with age 
Ikuno et al 
(2010) 
39.4 (range, 23 - 
88) 
43 Swept-source OCT (1060-nm HP-OCT) 
354 ± 111 (range, 
80- 641) 
Healthy Japanese subjects. Significant 
negative correlation with axial length, 
borderline correlation with age and 
refraction. 
Esmaeelpour et 
al (2010) 
42 (range, 19 -80) 34 
Three dimensional swept-source OCT 
(1060-nm HP-OCT) 
315 ± 106 Negative correlation with axial length 
Agawa et al 
(2011) 
32.9 (range, 23 - 
56) 
43 
Three dimensional swept-source OCT 
(1060-nm HP-OCT) 
355 ± 73 (range, 
189 - 586) 
Performed on Japanese population 
Li et al (2011) 
24.9 (range, 20 - 
33) 
93 SD-OCT  (Heidelberg Spectralis) 
342 ± 118 (range, 
73 -691) 
Choroidal thickness 18% higher in men 
than in women (adjusted for age and 
axial length) in Danish students. 
Yamashita et al 
(2012) 
30.5 (range, 19 - 
40) 
43 
SD-OCT  (Heidelberg Spectralis) 
SD-OCT (Cirrus HD-OCT) 
SD-OCT (Topcon 3D OCT-1000 Mark II) 
272.6 ± 63 
272.8 ± 64.7 
269.2 ± 61.0 
Moderate myopic eyes. Choroidal 
thickness measurements  were highly 
correlated between three SD-OCTs 
Chen et al 
(2012) 
38 (range, 30 - 
49) 
50 SD-OCT  (Heidelberg Spectralis) 
Right eye - 334 ± 94 
(range, 172-568) 
Left eye - 333 ± 90 
(range, 133-555) 
Enhanced depth imaging (EDI, similar to 
Spaide et al 2008) 
Wei et al (2012) 
64.6 (range, 50 - 
93 years) 
3,468 SD-OCT  (Heidelberg Spectralis) 
253.8 ± 107.4 
(range, 8 – 854) 
Performed on older Northern Chinese 
population with EDI. Positive correlation 
with ACD, LT and corneal radius of 
curvature. 
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Usui et al (2012) measured the diurnal changes in choroidal thickness on adult eyes 
using long wavelength OCT. The measurements were obtained every three hours 
over 24 hours period from 3:00 pm to 12:00 pm of the following day. Subfoveal 
choroidal thickness was found to undergo significant diurnal variation, with the 
choroid being thickest at night (3:00 am, 290.8 ± 110.8 µm), and thinnest during the 
day (6:00 pm, mean thickness 271.9 ± 103.5 µm). The average amplitude of diurnal 
change in subfoveal choroidal thickness was about 33 µm.  
 
Although these studies demonstrate that choroidal thickness undergoes significant 
diurnal variation in human eyes, they were performed on a small number of 
subjects. Also, no previous studies have examined the diurnal variations in 
peripheral choroidal thickness. Therefore, more comprehensive research on a larger 
cohort is required to improve our understanding of the diurnal variations in the 
choroid and the relationship between these variations and diurnal changes in axial 
length.   
 
1.4.2 Diurnal variation in total ocular aberrations of human eye 
There have been only a limited number of investigations into the diurnal variations 
of total wavefront aberrations in human subjects. Two previous studies by Mierdel 
et al (2004) and Srivannaboon et al (2007) have reported that diurnal fluctuations in 
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most of the higher-order (third and fourth order Zernike) aberrations are relatively 
small in magnitude (~ 0.01 – 0.03 µm), and are clinically insignificant.  
 
Srivannaboon et al (2007) performed five sessions of cycloplegic aberrometry (using 
a Hartmann- Shack aberrometer) measurements at 2-hour intervals (beginning at 
10 am) on 20 myopic subjects. Changes in the mean magnitude of third and fourth 
order Zernike coefficients were analysed.  They found that spherical aberration (  
was the most prevalent higher-order aberration among the myopic subjects. No 
significant diurnal variation was observed for any of the measured third or fourth 
order Zernike aberrations on the measurement day.  
 
Mierdel et al (2004) studied diurnal variation in the third and fourth order Zernike 
aberrations in young myopic subjects. Aberrations were measured three times a 
day (7 am, 12 noon and 4 pm) on a single day. Only one fourth order coefficient 
(90/180 secondary astigmatism) showed evidence of significant diurnal variation, 
and increased during the day by a mean of 0.016 µm. Other features of diurnal 
variation in ocular aberrations such as the consistency of these rhythms between 
days, the presence of significant variations after 6 pm, the relative influence of 
refractive error and other potential underlying causes (such as axial length and 
corneal curvature variations) of the variations need to be clarified and warrants 
further investigation in this area.   
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1.5 Diurnal variations of axial length and choroidal thickness and refractive error 
development  
Whilst there have been relatively limited studies on human subjects investigating 
diurnal fluctuations in axial length and choroidal thickness, there is evidence from a 
number of animal studies that indicates significant diurnal fluctuations occur in both 
of these parameters. Previous studies on birds (Weiss and Schaeffel, 1993; Nickla et 
al., 1998a; Papastergiou et al., 1998; Nickla et al., 2001; Nickla, 2006) and mammals 
(Nickla et al., 2002) have reported that both axial length and choroidal thickness 
undergoes significant diurnal variation.  
 
In normally growing chickens (Nickla et al., 1998a; Papastergiou et al., 1998; Nickla 
et al., 2001; Nickla, 2006) and mammals (Nickla et al., 2002), the axial eye length 
increases significantly during the day, and the eye becomes shorter during the 
night. Conversely, the choroid typically becomes thickest at night, and is thinnest 
during the day. The thickening of the choroid during the night in animals also 
corresponds closely with recent observation in human eyes, where the choroid was 
found to be thicker at night and thinner during the day (Brown et al., 2009; Usui et 
al., 2012). These rhythms, in normally developing animals have been found to be 
approximately in antiphase to each other (i.e. the axial length is longest during the 
day when the choroid is thinnest and vice versa).  
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There is substantial evidence from animal studies that diurnal rhythms in axial 
length and choroidal thickness may play an important role in refractive error 
development. A number of studies indicate that the normal diurnal light/dark cycle 
is required for normal refractive error development. Rearing chickens in constant 
light or constant darkness results in significant changes in normal ocular growth 
(Gottlieb and Wallman, 1987; Li et al., 1995; Nickla et al, 2001). Studies on chickens 
have shown that the application of form-deprivation, as well as spectacle lens 
defocus that causes changes in eye growth, also disrupts the normal diurnal 
rhythms of axial length and choroidal thickness (Papastergiou et al., 1998; Nickla et 
al., 1998a; Nickla, 2006).  These findings from animal research indicate that short 
term variations in eye length and the synchronization of various ocular diurnal 
rhythms may be important factors involved in the regulation of ocular growth and 
development of refractive errors.   
 
Nickla et al (1998a) investigated the influence of a variety of visual influences 
(normal, form deprivation and recovery from visual deprivation) in the diurnal 
oscillations of eye length and choroidal thickness in chickens. They found that in 
form deprived eyes the timing of the diurnal rhythms of axial length and choroidal 
thickness were almost similar to normal eyes, with the peak in axial length occurring 
during the day, and a significant thickening of the choroid occurring during the night 
in an approximate antiphase manner. However, the amplitude of the rhythm in 
choroidal thickness was greater in form deprived eyes, leading to a significant 
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increase in ocular growth. However, in eyes recovering from visual deprivation 
(after diffuser removal); the axial length rhythm was phase delayed and the rhythm 
in choroidal thickness was phase advanced, with the peak in both parameters 
occurring in the evening, bringing the two rhythms in phase to one another in order 
to decrease the axial growth of the eye.     
 
In another study, Papastergiou et al (1998) also investigated the influence of visual 
experience on the diurnal rhythms in axial length and choroidal thickness of new 
born and one year old chickens with normal and form deprived visual input. They 
found that the form deprived eyes of new born chicks exhibited a significant axial 
elongation and retinal thinning, and similar to Nickla et al (1998a), the usual diurnal 
pattern of axial length and choroidal thickness was disrupted. This observation was 
not apparent in one year old chickens, which was attributed to a reduction of the 
ability of the sclera to stretch in older eyes. Following occluder removal in chicks, 
the normal diurnal pattern of axial length was restored rapidly, whereas the 
choroidal thickness was found to increase during both day and night time, leading 
to a substantial expansion of the choroid. The significant elongation of axial length 
and altered pattern of diurnal rhythm in axial length and choroidal thickness in form 
deprived eyes suggests that visual experience can influence ocular diurnal rhythms 
of new born chicks.  
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Another study performed by Nickla et al (1998b) investigated the nature of 
circadian rhythms in IOP and their relation to ocular growth in chickens.  Similar to 
humans, chickens exhibited diurnal fluctuations in IOP, being higher during the day 
and lower during the night. The authors suggested the possibility of mechanical 
stretch induced by IOP being directly involved in ocular elongation in chickens. 
However, the presence of consistent phase differences between the rhythms of IOP 
and axial length in individual eyes suggested the relationship between IOP and axial 
length variations is more complex than simple mechanically induced stretch. They 
postulated that IOP variations may modulate other mechanisms within the eye, 
such as proteoglycan synthesis in the sclera that may in turn be important for 
regulating the ocular growth in chickens.  
 
Nickla et al (2001) investigated whether the diurnal rhythms of axial length and 
choroidal thickness in young chickens are endogenous circadian rhythms by rearing 
chickens into constant darkness. The authors found that both axial length and 
choroidal thickness rhythms persist in constant darkness, indicating that they are 
driven by an endogenous circadian oscillator. They also observed a significant ocular 
elongation and choroidal thinning in chickens reared in darkness, and suggested 
that eyes revert back to a “default” growth state in the absence of visual cues, and 
that visual experience in the form of either light or pattern vision has a preventive 
influence on ocular rhythms involved in eye growth.    
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Nickla et al (2002) found that the IOP in marmosets also undergoes diurnal 
fluctuation with higher IOP during the dark phase in both young and adolescent 
primates. However, axial length exhibited its peak at night time in the slow growing 
eyes of adult monkeys and in the day time in juvenile monkeys undergoing more 
rapid ocular growth. The choroidal thickness was also found to undergo diurnal 
variation, increasing during the night and decreasing during the day for both adult 
and juvenile monkeys, which brings the rhythms of axial length and choroidal 
thickness in phase for adult monkeys and out of phase for fast growing eyes of 
young marmosets. They concluded that the age related differences in eye growth 
may underlie the phase differences observed in these rhythms in primates.      
 
In 2006, Nickla examined the influence of myopic and hyperopic defocus on the 
diurnal rhythms in axial length and choroidal thickness of chicken eyes using a 
variety of methods. This study emphasised the potential role of phase differences 
between the rhythms of eye length and choroidal thickness for the visual regulation 
of ocular growth in chickens. A significant association was found between the phase 
difference between axial length and choroidal thickness and the ocular growth rate, 
which suggests a relationship between changes in the normal short term ocular 
rhythms and longer term ocular growth. 
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These findings from animal research indicate that significant diurnal variations 
occur in both axial length and choroidal thickness. The pattern of these diurnal 
rhythms can be influenced by a range of factors such as visual experience, age and 
IOP. Changes in the phase of ocular diurnal rhythms appear to accompany changes 
in ocular growth and refractive error development in animals. However, to date, 
there have been no prospective studies on human subjects to investigate whether 
changes in diurnal axial length and choroidal thickness rhythms are associated with 
refractive error, or are significantly influenced by visual experience such as retinal 
image defocus.    
 
1.6 Rationale  
Over many years, environmental (such as near work) and genetic factors have been 
linked to the development of myopia in human eyes. Evidence primarily from 
animal models also indicates that ocular growth is an active visually guided process, 
and imposing optical defocus, with both positive and negative lenses on the eye has 
been found to be associated with changes in both axial length and choroidal 
thickness.  Research from animal models has also suggested a link between diurnal 
variations in axial length and longer term myopic eye growth, and has shown that 
retinal image defocus can disrupt these diurnal rhythms. However, the role of 
ocular diurnal rhythms in human refractive error development, and the potential 
influence of retinal image blur on these rhythms are not known.  
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This research programme, through a series of experiments has examined in detail 
the normal pattern and underlying ocular component changes involved in the 
diurnal variations of axial length in human subjects. Given that previous human 
studies have questioned the relative consistency of diurnal rhythms in axial length 
between days of measurement, the first experiment examined whether axial length 
exhibits consistent diurnal variations over 2 consecutive days (Chapter 2). In order 
to explore the potential mechanisms underlying these diurnal eye length variations, 
the association between the diurnal rhythms in axial length and other ocular 
variables such as choroidal thickness and IOP were also explored (Chapter 2). As 
axial length is the primary biometric determinant of refractive error, and diurnal 
fluctuations in this biometric parameter could be influenced by refractive error, the 
potential differences in the magnitude and timing of diurnal variations in axial 
length between young myopic and emmetropic human subjects were studied.  
Additionally, as change in the eye’s optical quality could influence diurnal changes 
in eye length, diurnal variations in the optical quality (i.e. ocular aberrations) of 
human eyes were also investigated.     
 
Although optical blur plays an important role in the development of refractive 
errors in animals, and recent studies suggest that short periods (60 minutes) of 
optical defocus is also associated with changes in axial length and choroidal 
thickness in humans, the influence of longer periods of optical defocus on the 
natural ocular diurnal variations in human eyes has not been studied. Therefore, in 
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two separate experiments, the influences of a full day of myopic (Chapter 4) and 
hyperopic (Chapter 5) defocus on the natural diurnal rhythms in axial length and 
choroidal thickness of young human subjects were examined. Examining the 
influence of optical defocus on the natural ocular diurnal rhythms may have 
significant implications for the role of optical defocus in the development of 
refractive errors in human subjects.          
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Chapter 2: Diurnal variations in axial length, choroidal 
thickness, intraocular pressure and ocular biometrics  
2.1 Introduction 
It has been well established that the eye is a dynamic structure, with diurnal 
variations documented in a range of ocular anatomical and physiological 
parameters. Diurnal variations in intraocular pressure (IOP, Kitazawa and Horie, 
1975; Liu et al., 1998, 2003 ; Wilson et al., 2006), corneal thickness (Kiely et al., 
1982; Harper et al., 1996; Feng et al., 2001; Read et al., 2009), corneal topography 
(Kiely et al .,1982, Read et al .,2005) and anterior chamber biometrics (Map stone 
and Clark, 1985; Read et al., 2008), have been well studied for a number of years.     
 
The relatively recent introduction of precise non-contact techniques such as partial 
coherence interferometry (PCI) for measuring the axial length (AL) of the eye (the 
distance from cornea to retinal pigment epithelium) has allowed very small changes 
in axial length to be quantified and has lead to the recent findings that significant 
diurnal variation occurs in axial length of human subjects (Stone et al., 2004; Wilson 
et al., 2006; Read et al., 2008). These studies generally agree that human eyes 
typically exhibit their longest axial length during the day and their shortest axial 
length during the night, with an average reported magnitude of diurnal variation in 
axial length of 25 - 45 µm. However, the relative consistency of the diurnal axial 
length rhythms across subjects and between days has been questioned by previous 
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investigators (Stone et al., 2004; Wilson et al., 2006). Previous research into the 
diurnal variation of human axial length has involved analysis of data from a single 24 
hour period (Read et al., 2008) or if data from two days was collected, these two 
days were separated by weeks or months, which leaves open the possibility that 
longer term factors (e.g. seasonal variations) may have influenced some of the 
reported variability between days. If human axial length does exhibit consistent 
diurnal rhythms then these changes should be observed over at least two 
consecutive days.  
 
Although the presence of diurnal rhythms in axial length in human eyes is now well 
accepted, less is known about the mechanism and ocular changes underlying these 
diurnal axial length variations. One factor that is potentially involved in these 
changes is the eye’s IOP. Surgically (Cashwell and Martin, 1999; Üretmen et al., 
2003; Francis et al., 2005) or mechanically (Leydolt et al., 2008) induced variations 
in IOP have been shown to be associated with changes in axial length which leaves 
open the possibility that the known diurnal variations in IOP (Liu et al., 2003) might 
play a role in diurnal axial length variations. In human eyes, the exact relationship 
between diurnal axial length and IOP changes is unclear, with some recent studies 
suggesting there is no relationship between the two variables (Wilson et al., 2006), 
and others reporting a weak but significant positive association between axial 
length and IOP variations (Read et al., 2008).  
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As axial length measurements in these previous studies have involved the 
determination of the distance from the cornea to the retinal pigment epithelium 
(RPE), changes in axial length could potentially be modulated by variations in the 
thickness of the choroid. There is evidence from animal research into both chickens 
(Papastergiou et al., 1998; Nickla et al., 1998a; Nickla, 2006) and marmosets (Nickla 
et al., 2002) that choroidal thickness (CT) does undergo significant diurnal variations 
(increasing during the night and decreasing during the day).  
 
There have been only limited investigations into diurnal variations of the choroid in 
human eyes. Brown et al (2009), in a retrospective analysis of PCI data, recently 
reported evidence of diurnal variations in choroidal thickness in a small number of 
human subjects. Although a trend was observed for the variations in choroidal 
thickness to be in approximate anti-phase to the axial length variations, some 
inconsistencies in the pattern of choroidal change between subjects and between 
days of testing were reported in this small sample. Two more recent studies (Tan et 
al., 2012; Usui et al., 2012) have also reported significant diurnal variations in 
subfoveal choroidal thickness using OCT on a small number of subjects, with a mean 
diurnal amplitude of variation of ~ 30 μm.  However, the exact pattern of the 
diurnal variation in choroidal thickness is unclear, with Tan et al (2012) reporting 
the choroid to be thicker in the morning and gradually becoming thinner over the 
course of the day for choroidal thickness measurements obtained from 9:00 am to 
5:00 pm, whereas Usui et al (2012) found the choroid to be thickest at night for 
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measurements obtained over 24 hours period from 3:00 pm to 12:00 pm of the 
following day. No other previous studies have investigated the diurnal variations in 
human choroidal thickness.      
 
As axial length is the primary biometric determinant of refractive error, diurnal 
variations in this parameter could potentially be influenced by refractive error. A 
number of animal studies have suggested a link between diurnal variations in axial 
length and longer term myopic eye growth (Papastergiou et al., 1998; Nickla et al., 
1998a; Nickla et al., 2001; Nickla, 2006). Studies on chickens have found that 
induced form deprivation (Papastergiou et al., 1998; Nickla et al., 1998a; Nickla, 
2006) or constant darkness (Nickla et al., 2001), which both enhance ocular 
elongation and produce myopic eye growth, also disrupt the usual diurnal rhythm of 
axial length and choroidal thickness. Significant positive correlations have been 
reported between the observed diurnal phase differences (between axial length 
and choroidal thickness) and the axial growth rate of the eye, suggesting a link 
between the short term fluctuations in eye length and longer term eye growth 
(Nickla, 2006). These findings from animal research indicate that short term 
variations in eye length and the synchronization of various ocular diurnal rhythms 
may be important factors involved in the development of myopia. However, no 
previous study has prospectively investigated the potential differences in the 
magnitude and timing of diurnal axial length rhythms between myopic and 
emmetropic human subjects.  
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Investigation of the diurnal axial length variation in human eyes is a relatively new 
area of research, which has not been extensively explored in the past. This 
experiment aimed to improve the understanding of the underlying causes, the 
consistency of and the influence of refractive error upon the diurnal variation of 
axial length in young adult human eyes. Serial measurements of axial length 
(utilising an optical biometer capable of highly precise measurements of a 
comprehensive range of ocular biometric measures, including choroidal thickness) 
and IOP were collected over two consecutive days in populations of young adult 
emmetropic and myopic subjects.      
 
2.2 Methodology  
2.2.1 Subjects and procedures  
Thirty young adult subjects aged between 18 and 30 years (mean age ± standard 
deviation (SD), 25.16 ± 3.32 years) were recruited for this study. Seventeen of the 
subjects were male. Since previous studies have reported significant diurnal 
variations in axial length (Stone et al., 2004; Wilson et al., 2006; Read et al., 2008) 
using smaller populations of subjects (n= 10 to 17), it was assumed that  a sample 
size of 30 in the current study would be sufficient to detect statistically significant 
diurnal variations in ocular biometrics. None of the participants had any evidence of 
significant ocular or systemic disease or history of ocular injury or surgery. Before 
the study, each subject underwent an initial ophthalmic screening to ensure good 
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ocular health, rule out any ocular pathology and determine their refractive status. 
Subjects were classified according to their spherical equivalent refraction (SER) as 
either emmetropes (SER +0.75 to - 0.75 DS, n=15, mean -0.15 ± 0.31DS) or myopes 
(SER ≥ -1.00 DS, n=15, mean -3.95 ± 1.41 DS).  The mean cylindrical (DC) refraction 
across all the subjects ranged from 0.00 to -1.25 DC (-0.15 ± 0.24 DC and -0.60 ± 
0.38 DC for the emmetropes and myopes respectively).  All of the subjects had 
normal logMAR visual acuity of 0.00 or better (mean -0.05 ± 0.05). No subject 
exhibited an intraocular difference of best sphere refraction (anisometropia) 
greater than 1.00 DS.   
   
Among the myopes, three subjects were soft contact lens wearers. No rigid gas 
permeable (RGP) contact lens wearers were included in the study. As contact lens 
wear can influence anterior eye parameters such as corneal thickness (Liu and 
Pflugfelder, 2000), subjects were asked to discontinue soft contact lens wear for 
one week before the study and to abstain from lens wear for the duration of the 
study. As the intake of alcohol (Houle and Grant, 1967) and caffeine (Avisar et al., 
2002) has previously been found to affect IOP, all the participants were asked to 
abstain from consuming alcohol and caffeinated beverages from the evening (5-6 
pm) before the study and for the two day duration of the study. If the subject had 
performed vigorous exercise immediately before a measurement session then, a 50 
minute break was observed before measurements to avoid the potential 
confounding of results by exercise induced changes in IOP (Passo et al., 1987; 
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Qureshi, 1996). Subjects were instructed to maintain consistent sleep/wake cycles 
for 7 days before commencement of the laboratory session. To quantify these 
sleep/wake cycles, each subject’s mean sleep duration and mean sleep efficiency 
were also calculated using a modified version of the Pittsburgh Sleep Quality Index 
(PSQI) questionnaire (Buysse et al., 1989) and were found to be 7.56 ± 0.98 hours 
and 92.40 ± 6.90 % respectively. None of the subjects were found to have an 
average sleep duration of < 5 hours or average sleep efficiency < 65%. Approval 
from the human research ethics committee was obtained before the 
commencement of the study, and written informed consent was obtained after 
explanation of the nature and possible consequences of the study (Appendix 1). All 
subjects were treated in accordance with the Declaration of Helsinki.   
 
To investigate ocular diurnal variations in each subject, a series of measurements of 
ocular biometrics, IOP and systemic blood pressure (BP) were obtained over two 
consecutive days.  On each day, 5 measurement sessions were carried out every 2.5 
to 3 hours, with the first measurement taken at approximately 9 am (approximately 
1-2 hours after subjects had awoken) and the final measurement at approximately 9 
pm. Therefore, each subject underwent 10 measurements across the two 
consecutive days of the experiment. The data collection was performed from April 
through to July (i.e. from mid autumn through to winter). The average time at which 
each of the measurement sessions were carried out is illustrated in Table 2.1.  
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One emmetropic subject was unable to attend session 3 on the first day of 
measurements. Each session took approximately 10-15 minutes to complete all the 
measurements, with subjects undertaking their regular daily activities between the 
measurement sessions. The order of clinical measurements was randomized at each 
measurement session for each subject to minimize the risk of systematic bias.   
 
Table 2.1: Summary of the mean timings for each of the ten measurement sessions across 
the two consecutive days of the experiment (5 sessions each day).The top number indicates 
the mean time, and the times in brackets indicate the range of the measurement timings 
for each session.     
 
This measurement protocol was aimed at minimising the interruption to subject’s 
normal daily routines, as well as capturing a large proportion of the previously 
documented diurnal variations in axial length and IOP (Read et al., 2008). By 
collecting the first measurement 1-2 hours after waking, the potential confounding 
of the results by the large changes in the anterior eye parameters that are typically 
observed immediately after waking (as observed in central corneal thickness (CCT) 
Days Session 1 Session 2 Session 3 Session 4 Session 5 
Day 1 
09:21 
(range, 08:30–
10:20) 
12:29 
(range, 11:30–
13:15) 
15:18 
(range, 14:30–
15:45) 
18:15 
(range, 17:45–
19:10) 
21:06 
(range, 20:45 – 
21:45) 
Day 2 
 
09:13 
(range, 08:30–
10:05) 
 
12:24 
(range, 11:30–
13:20) 
15:21 
(range, 14:45–
16:15) 
18:15 
(range, 17:30–
19:00) 
21:05 
(range, 20:30–
21:40) 
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and anterior chamber depth (ACD), (Read et al., 2008) was also avoided. As posture 
may influence IOP (Liu et al., 2002) and a number of other measured ocular 
parameters, all measurements were captured with the subjects in a seated position. 
Non-contact techniques were used for all measurements to avoid any corneal 
epithelial disruption that may result with contact instruments or the use of any 
anaesthetic eye drops (Ramselaar et al., 1988).  
 
Ocular biometric measurements were captured using the Lenstar LS 900 (Haag – 
Streit AG, Koeniz, Switzerland) instrument. This is a non-contact optical biometer 
that works on the principle of optical low- coherence reflectometry (OLCR). Recent 
studies with the instrument have found that it provides highly reproducible results 
(intrasession and intersession repeatability of axial length is 0.016 and 0.006 mm 
respectively, Buckhurst et al., 2009) that are comparable with other biometers like 
the IOLMaster (Holzer et al., 2009; Buckhurst et al., 2009). The Lenstar was used to 
investigate the diurnal variations in the following ocular biometrics: central corneal 
thickness (CCT, the distance from the anterior to posterior corneal surface), anterior 
chamber depth (ACD, the distance from the posterior corneal surface to the 
anterior crystalline lens surface), lens thickness (LT, the distance from the anterior 
to posterior lens surface), vitreous chamber depth (VCD, the distance from the 
posterior lens surface to the inner limiting membrane) and axial length (AL, the 
distance from the anterior corneal surface to the RPE) (Figure 2.1).   
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In addition to these automatically derived ocular biometrics, manual analysis of the 
Lenstar data also allows the measurement of retinal thickness (RT, distance from 
inner limiting membrane to RPE) and choroidal thickness (CT, distance from RPE to 
choroidal/sclera interface) (Read et al., 2010d, Read et al., 2011b). The A-scan data 
originating from the posterior eye typically contains a series of peaks corresponding 
to retinal and choroidal structures (Figure 1.4).  
 
Figure 2.1: Example of the A-Scan data from a typical measurement with the Lenstar LS900 
instrument and an overview of the ocular biometric measures derived from the data 
(central corneal thickness (CCT), anterior chamber depth (ACD), lens thickness (LT), vitreous 
chamber depth (VCD) and axial length (AL).   
 
Previous studies (Schmid et al., 1996; Brown et al., 2009), using instruments based 
on similar principles have shown that these peaks correspond to retinal and 
choroidal structures, with the anterior peak (P1) thought to originate from the inner 
limiting membrane of the retina, the central peak (P3) from the RPE and the 
posterior peak (P4) from the choroid/sclera interface. The choroidal thickness can 
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therefore be measured by manually adjusting the screen curser and determining 
the distance between peaks P3 and P4, and the retinal thickness can be obtained by 
determining the distance between peaks P1 and P3 using the Lenstar instrument’s 
software (Read et al., 2010d, Read et al., 2011b). Retinal and choroidal thickness 
derived from the Lenstar instrument have previously been shown to correlate 
closely with retinal thickness and choroidal thickness measured with spectral 
domain Optical Coherence Tomography (OCT) (Read et al., 2011b). An independent 
masked observer performed this manual analysis to determine retinal and choroidal 
thickness from each subject’s Lenstar data to avoid any observational bias by the 
investigator.       
 
Pilot studies conducted prior to the experiment with the Lenstar indicated that 
obtaining at least seven repeated measurements in a session improved the 
repeatability of axial length measures. In these pilot studies, 21 consecutive 
measurements were acquired in one measurement session for a small group of 
subjects (n=4, 2 myopes and 2 emmetropes). 
 
The cumulative standard deviation (SD) was calculated for the first 5 measurements 
and then for each of the additional consecutive measurements (up to a total of 21) 
taken for each subject, to investigate the changes in repeatability associated with 
the collection of additional measurements. For the majority of subjects, the 
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cumulative standard deviation gradually reduced from 5 consecutive measurements 
through to 7 consecutive measurements, (average cumulative SD was 0.009 ± 0.003 
mm for 5 consecutive measures and 0.008 ± 0.001 mm for 7 consecutive measures) 
and then showed a gradual increase in the standard deviation when more than 7 
measurements were taken (average SD was 0.009 ± 0.002 mm for 9 consecutive 
measurements, and 0.012 ± 0.002 mm for 10 and 21 consecutive measurements).  
This suggests that the collection of 7 repeated measurements may lead to a small 
improvement in measurement precision, but the collection of greater numbers of 
measurements appears to lead to a reduction in the precision (possibly indicating 
the influence of subject fatigue or loss of fixation associated with larger numbers of 
measurements). Therefore, seven measurements were obtained at each 
measurement session using the biometer, and the mean of each parameter was 
calculated for each subject at each measurement session.    
 
The Ocular Response Analyser (ORA; Reichert, Delpew NY) was used to measure IOP 
at each session. The ORA is a non-contact tonometer that utilises a calibrated, rapid 
air impulse and an advanced electro-optical system to record two applanation 
pressure measurements (bi-directional applanation), one while the cornea is 
moving inward, and the other when the cornea returns (Luce, 2005; Gatinel et al., 
2007). The average of these two pressure values provides a repeatable, Goldman - 
correlated IOP measurement (IOPg). The ORA also provides the value of the 
Corneal-Compensated Intraocular Pressure (IOPcc), which is an IOP measurement 
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reported to be less affected by corneal properties than other methods of 
tonometry, such as Goldmann applanation tonometry (GAT) (Luce, 2005; Gatinel et 
al., 2007). Given that previous studies have shown that corneal parameters such as 
CCT vary diurnally, IOPcc was used to obtain more reliable assessment of diurnal 
IOP changes. The mean IOPcc was calculated for each subject at each measurement 
session from a total of four readings at each session. Previous researchers have 
found that the ORA provides IOP measures that agree closely with Goldmann 
applanation tonometry (Medeiros and Weinreb, 2006; Lam et al., 2007).  
 
Previous studies have found a close association between the changes in systemic BP 
and the IOP (Klein et al., 2005) that could possibly influence the axial length and 
other biometric measurements. Therefore, measurements of systemic blood 
pressure (BP) were collected on each subject at each measurement session using an 
electronic sphygmomanometer (Omron IA2 Healthcare Co., Ltd., Japan). The mean 
of two consecutive values of systolic and diastolic BP was obtained at each 
measurement session. An equivalent instrument to the one used in the current 
study (Omron 705IT), has been previously clinically validated according to 
international standards and found to provide BP measures that agree closely with 
the standard mercury sphygmomanometer (EI Assaad et al., 2003; Coleman et al., 
2006).  
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The systemic blood pressure measurements were analysed to calculate the mean 
arterial pressure (MAP, defined as the average arterial pressure during a 
single cardiac cycle, and was calculated using the formulae: MAP = Diastolic BP + 
(1/3 (Systolic BP – Diastolic BP) (Riva et al., 1997a; Schmetterer et al., 1998), and the 
ocular perfusion pressure (OPP, calculated using the formulae: OPP = 2/3 MAP – 
IOP) (Riva et al., 1981; Kiel and Heuven, 1995; Drance et al., 1998). The 
measurement of ocular perfusion pressure is thought to provide an indirect 
estimation of choroidal blood flow (Kiel and Heuven, 1995; Riva et al., 1997a).    
 
Subjects were instructed to carry out their normal daily activities during the study 
period. To examine the potential influence of the visual tasks carried out 
throughout the course of the experiment on the measured ocular changes, 
participants were asked to report upon the visual activities performed in the hours 
preceding (e.g. amount of reading performed in the past two hours) each 
measurement session. The near work activities were analysed in terms of the 
amount of accommodative effort required to perform each activity and quantified 
in terms of “Dioptre hours” (Dh) as proposed by Zadnik et al (1994). The Dh is 
defined as: Dh = 3 × (hours spent on university assignment and project + reading for 
pleasure+ drawing , painting or writing + playing mobile or hand held game) + 2 × 
(hours spent on playing musical instrument + using computer + playing videogames 
+ playing board games ) + 1× (hours spent on watching television or videos).  
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Informed consent was obtained from each myopic participant, to allow us to 
contact their regular eye care practitioner, to record the details of changes in their 
myopic refraction over the previous four years (where available). This enabled us to 
determine the refractive error progression rate of dioptres of myopia per year 
among the myopic group.    
 
2.2.2 Data analysis  
Following data collection, the average of all of the biometric parameters (CCT, ACD, 
LT, AL, VCD, RT and CT), IOP measures and BP related measures (systolic BP, 
diastolic BP, MAP and OPP) for each subject at each measurement session were 
calculated, along with the mean of all the measurements across all ten 
measurement sessions for each variable. For all the parameters, the difference from 
the mean at each of the ten sessions was determined. For each subject, the 
amplitude of change (the difference between the maximum and minimum change) 
for day 1 and day 2 was also calculated for each variable. Further, the mean 
amplitude of change was calculated as the average of the amplitude of change in 
day 1 and day 2 for each variable.   
 
The Kolmogorov-Smirnov test revealed that data from all the biometric variables, 
IOP or BP measures did not depart significantly from a normally distributed sample 
(p>0.05). A repeated measures analysis of variance (ANOVA) with two within-
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subjects factors (time of day and day of measurement) and one between-subjects 
factor (refractive error) was performed to investigate for significant diurnal changes 
in each of the parameters measured over the course of the study and for any 
significant differences between the refractive error groups. For the repeated 
measures ANOVA, the degrees of freedom were adjusted for departures from the 
sphericity assumption of the ANOVA, using the Greenhouse-Geisser correction. One 
subject who was unable to attend one measurement session on the first 
measurement day was not included in this ANOVA, since it required all subjects to 
have ten complete data sets for all variables. This analysis assumes that time of day 
and day of measurement are categorical variables. Whilst it was not logistically 
possible to collect all measurements at each session for each subject at the exact 
same time, any inter-subject variability in measurement time was small compared 
to the period of time in between each measurement session (as highlighted by the 
horizontal error bars in Figures 2.2 to 2.8).  
 
To investigate any significant association between the changes in axial length and 
changes in the other measured parameters, an analysis of covariance (ANCOVA) 
was carried out for the analysis of repeated measures (Bland and Altman, 1995). A 
p-value of less than 0.05 was considered to be statistically significant. As this 
analysis involved a number of repeated statistical tests, a Bonferroni correction was 
applied in order to reduce the chance of type1 statistical errors.  To provide an 
assessment of the within-session measurement variability of each of the measured 
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ocular parameters, the within-session range, along with the within-session standard 
deviation, calculated using a one-way ANOVA as described by Bland and Altman, 
1999, were determined. The intraclass correlation coefficient (ICC) was also 
calculated for each of the ocular parameters. The ICC is an index of measurement 
reliability that ranges from 0 to 1, with values of the ICC > 0.75 having been 
suggested to represent good measurement reliability (Portney and Watkins, 2008). 
Additionally, the coefficient of variation (i.e., the within-session standard deviation 
divided by the mean, expressed as a percentage) was calculated for each of the 
measured ocular variables.  All statistical analyses were performed using SPSS for 
Windows software (Version 17.0, SPSS inc.).              
    
Previous studies of ocular diurnal variations have utilised sine or cosine curve fitting 
in order to quantify the timing and amplitude of 24 hour diurnal ocular rhythms (Liu 
et al., 2002; Liu et al., 2003; Read et al., 2008). However, the current protocol 
involved measurements between approximately 09:00 am and 09:00 pm, which 
meant that no measurements were collected in the 12 hours (including sleep time) 
between the final measurement on day 1, and the first measurement on day 2. The 
reliability of any sine curve fitting to this data is therefore likely to be reduced, given 
that the fitting routines typically assume a 24 hour period, and there were no 
measurements performed for 12 of these 24 hours. However, in order to allow 
comparison with previous research, and to illustrate the average amplitude and 
timing of the diurnal rhythms of our primary variables of interest (ACD, VCD, AL, CT 
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and IOP), sine curve fitting was applied, using a least squares fitting procedure, to 
the pooled data for all subjects at all measurement sessions over the two days of 
testing. This fitting determined the group mean amplitude (peak to trough 
difference) of change, the time at which the peak in each of the measured 
parameters occurred (the acrophase) as well as the 95% confidence bounds of 
these parameters and root mean square (RMS) fit error. The following sine curve 
equation was used to fit the diurnal data: 
                                                                         
In the above equation, a represents the amplitude (peak-trough difference) and c 
represents the time phase of the sine curve with a fixed period of 24 hours.      
 
2.3 Results 
2.3.1 Within-session repeatability 
Table 2.2 illustrates the mean within-session range and standard deviation, 
intraclass coefficient and the mean coefficient of variation for the repeated 
measures of each of the ocular variables collected at each session.  It is evident 
from these data that the within-session variability is small for the biometric 
measures (within-session variability ranges from 0.003 - 0.025 mm) and IOP (within-
session variability of 0.80 mmHg), and all variables exhibited ICC values of 0.8 or 
higher.  
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2.3.2 Diurnal variation 
Repeated measures ANOVA revealed that a range of ocular biometric parameters 
(CCT, ACD, AL, VCD and CT), IOP measures, and BP measures (diastolic BP and OPP, 
Table 2.3) underwent significant diurnal variation (p<0.05, within-subjects effects of 
time) over the two days of testing. The magnitude of diurnal variation in these 
parameters is typically substantially larger than the within-session measurement 
variability reported in Table 2.2.  None of the ocular biometrics, IOP measures or BP 
measures exhibited a significant time by refractive error interaction (p>0.05), 
indicating similar magnitude and pattern of diurnal variations for each of the 
measured variables between the myopic and emmetropic groups. Additionally, 
repeated measures ANOVA revealed a significant effect of day of measurement 
(p<0.05) for axial length and VCD.  There was no significant time by day interaction 
for any variable (p>0.05).  
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Table 2.2: Overview of the mean within-session range and standard deviation, intraclass 
coefficient (ICC) and the mean coefficient of variation for the repeated measures collected 
at each measurement session for each of the measured ocular variables, including central 
corneal thickness (CCT), anterior chamber depth (ACD), lens thickness (LT), vitreous 
chamber depth (VCD), axial length (AL), retinal thickness (RT), choroidal thickness (CT) and 
intraocular pressure (IOP).  
 
Variables 
Within-session 
standard 
deviation 
Within-
session range 
ICC 
Mean 
coefficient of 
variation 
CCT (mm) 0.003 0.007 0.990 0.46% 
ACD (mm) 0.019 0.042 0.995 0.51% 
LT (mm) 0.025 0.055 0.985 0.59% 
VCD (mm) 0.023 0.058 0.987 0.12% 
AL (mm) 0.011 0.023 0.999 0.04% 
RT (mm) 0.006 0.015 0.902 2.84% 
CT (mm) 0.016 0.038 0.896 5.69% 
IOP  (mmHg) 0.80 1.53 0.914 5.21% 
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Table 2.3: Summary of group mean values, amplitude of change over two days and p-values from repeated measures ANOVA investigating the within-subjects effects of 
time and day and the time by day interaction, the between-subjects effect of refractive error and the time by refractive error interaction for ocular biometric parameters 
(i.e. central corneal thickness (CCT), anterior chamber depth (ACD), lens thickness (LT, n=27), axial length (AL), vitreous chamber depth (VCD, n=27), retinal thickness (RT) 
and choroidal thickness (CT, n=24)), intraocular pressure (IOP), and BP measures (i.e. systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure 
(MAP) and ocular perfusion pressure (OPP)). Significant p values (p<0.05) are highlighted in bold.     
Variables Group mean ± SD 
Mean amplitude of 
change ± SD 
p value 
(Time) 
p value 
(Day) 
p value 
(Time by day) 
p value 
(Time by 
refractive error) 
p value (Refractive 
error) 
CCT (mm) 0.53 ± 0.028 0.006 ± 0.003 <0.0001 0.575 0.541 0.864 0.590 
ACD (mm) 3.06 ± 0.27 0.05 ± 0.02 <0.0001 0.969 0.183 0.365 0.022 
LT (mm) 3.59 ± 0.21 0.05 ± 0.02 0.369 0.520 0.623 0.099 0.092 
AL (mm) 24.28 ± 1.22 0.032 ± 0.01 <0.0001 0.011 0.669 0.339 <0.0001 
VCD (mm) 17.19 ± 1.10 0.06 ± 0.029 <0.0001 0.042 0.097 0.786 <0.0001 
RT (mm) 0.195 ± 0.015 0.008 ± 0.002 0.162 0.392 0.624 0.423 0.243 
CT (mm) 0.256 ± 0.049 0.029 ± 0.016 0.011 0.862 0.489 0.231 0.201 
IOP (mmHg) 13.35 ± 2.33 3.54 ± 0.83 <0.0001 0.312 0.061 0.058 0.385 
SBP (mmHg) 113.55 ± 10.95 12.56 ± 3.28 0.243 0.545 0.135 0.709 0.074 
DBP (mmHg) 63.45 ± 6.87 9.22 ± 3.35 0.013 0.339 0.305 0.223 0.633 
MAP (mmHg) 80.16 ± 7.14 8.65 ± 2.52 0.078 0.346 0.122 0.409 0.566 
OPP  (mmHg) 40.08 ± 4.18 6.34 ± 1.65 <0.0001 0.679 0.057 0.591 0.866 
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2.3.3 Axial length  
The mean axial length for all subjects was 24.28 ± 1.22 mm. The mean axial length 
in myopic subjects (25.24 ± 1.05 mm) was significantly greater than the mean axial 
length in emmetropic subjects (23.52 ± 0.62 mm), (p<0.0001). Significant diurnal 
variations in axial length (p<0.0001) were observed over the two consecutive days 
of testing (Figure 2.2). Seventy seven percent of subjects exhibited their longest 
axial length at the second measurement session (mean time of measurement, 
12:26) and their shortest axial length at the final session (mean time of 
measurement, 21:06) on both days of testing. The mean amplitude of change in 
axial length (peak to trough difference) was 0.032 ± 0.018 mm (range, 0.112 -0.009 
mm), and this was consistent across day 1 (0.033 ± 0.023 mm) and day 2 (0.030 ± 
0.017 mm) of testing. The changes in axial length did not exhibit a significant time 
by refractive error interaction (p>0.05, repeated measures ANOVA), indicating 
similar timing and amplitude of diurnal axial length change in the myopic (mean 
amplitude 0.035 ± 0.023 mm) and emmetropic (mean amplitude, 0.028 ± 0.009 
mm) subjects over the two days of testing. Repeated measures ANOVA revealed a 
significant effect of measurement day for axial length, as the mean axial length on 
day 2 was 0.004 ± 0.006 mm shorter than the mean axial length on day 1 (p=0.011). 
There was no significant time by day interaction, which indicates that the pattern of 
the diurnal changes in axial length were consistent across the two days of 
measurement.        
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Figure 2.2 : Mean change in axial length (AL) (top) and IOP (bottom) for ten sessions over 
two consecutive days. All values expressed as the difference from the mean of ten sessions 
across two measurement days. Repeated measures ANOVA revealed significant diurnal 
variations in both AL  and IOP (p<0.0001). Vertical error bars are standard error of the mean 
(SEM). Horizontal error bars are standars error in the mean time that the measurement was 
taken at each session (in hours).    
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2.3.4 Anterior eye biometrics 
 Figure 2.3 illustrates the pattern of diurnal variation in the measured anterior eye 
biometrics (CCT, ACD and LT). CCT underwent significant diurnal variation 
(p<0.0001). The cornea was typically found to be thicker in the morning (session 1) 
and gradually became thinner throughout the day, with the minimum corneal 
thickness typically observed at the measurement sessions towards the end of each 
day (mean amplitude of change 0.006 ± 0.003 mm). Significant diurnal variations 
(p<0.0001) in ACD were also observed, with ACD typically found to be shallowest in 
the morning and deeper towards the end of the day. The group mean ACD was 3.06 
± 0.27 mm, which was significantly deeper in the myopic subjects (mean ACD 3.18 ± 
0.27 mm) than the emmetropic subjects (mean ACD 2.95 ± 0.24 mm, p=0.022). The 
mean amplitude of change in ACD was 0.05 ± 0.02 mm (range, 0.01 ± 0.12 mm). The 
diurnal variations in LT could be assessed for 27 subjects (14 emmetropes and 13 
myopes) as lens thickness measures could not be determined consistently for all 
measures in 3 subjects due to a poor signal from the posterior lens surface in their 
A-scan data. Repeated measures ANOVA revealed no significant diurnal variation in 
LT (p=0.369) over the two days of measurement.  
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Figure 2.3 : Mean change in anterior eye biometrics; central corneal thickness (CCT) (top), 
anterior chamber depth (ACD) (middle) and lens thickness (LT) (bottom) for ten sessions 
over two consecutive days. All values expressed as the difference from the mean of ten 
sessions across two measurement days. Repeated measures ANOVA revealed significant 
diurnal variations in both CCT and ACD (p<0.0001). Vertical error bars are standard error of 
the mean (SEM). Horizontal error bars are standars error in the mean time that the 
measurement was taken at each session (in hours).    
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2.3.5 Posterior eye biometrics 
Figure 2.4 illustrates the diurnal variation in posterior eye biometrics (VCD, RT and 
CT). Significant diurnal variations (p<0.0001) were found in VCD.  Analogous to the 
axial length results, the longest VCD was typically observed at the second session 
(mean time 12:26) and the shortest during the night at the final session (mean time 
21:06) on both the days of testing for 27 subjects (with available LT data). The 
repeated measures ANOVA (between-subjects effect of refractive error) revealed 
that the group mean VCD of 17.19 ± 1.19 mm was significantly deeper in myopic 
subjects (18.10 ± 0.97 mm) compared to emmetropic subjects (16.35 ± 0.62 mm), 
(p<0.0001). The mean amplitude of change in VCD was 0.06 ± 0.029 mm (range, 
0.15 - 0.02 mm), which was not significantly different between the refractive error 
groups (0.066 ± 0.033 mm and 0.073 ± 0.024 mm for emmetropes and myopes 
respectively, p=0.786). The change in VCD also exhibited a significant effect of day 
of measurement (p=0.042, repeated measures ANOVA).  
 
Consistent P4 choroidal peaks could not be detected by the independent observer 
in all measurements for six subjects (3 from each refractive error group), therefore 
the choroidal thickness analysis represents data from 24 subjects. The group mean 
choroidal thickness of 0.256 ± 0.049 mm was not significantly different between 
myopes (mean 0.242 ± 0.020 mm) and emmetropes (mean 0.269 ± 0.065 mm, 
p=0.201). Significant diurnal variations (p=0.011) were observed in choroidal 
thickness. The choroid was typically found to be thicker at night time, and thinnest 
in the morning on both measurement days. The mean amplitude of change in 
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choroidal thickness was 0.029 ± 0.016 mm (range, 0.079 – 0.011 mm), which was 
not significantly different between the myopic (mean 0.029 ± 0.013 mm) and the 
emmetropic (mean 0.030 ± 0.019 mm) subjects (p=0.231). Repeated measures 
ANOVA revealed no significant diurnal variation in retinal thickness for 30 subjects 
(p=0.162) over the two days of the experiment.  
 
2.3.6 Blood pressure measures 
Repeated measures ANOVA revealed that diastolic blood pressure (DBP, p=0.013) 
and ocular perfusion pressure (OPP, p<0.0001) underwent significant diurnal 
variation over the two days of measurements (Figure 2.5, 2.6). Diurnal variations in 
systolic blood pressure (SBP) and mean arterial pressure (MAP) were not found to 
be statistically significant (p>0.05). The mean DBP was found to be 63.45 ± 6.87 
mmHg. The mean amplitude of change in DBP was 9.22 ± 3.35 mmHg (range, 19.5 - 
4.75 mmHg), which was not significantly different (p>0.05) between myopes (9.43 ± 
3.97 mmHg) and emmetropes (9.01 ± 2.73 mmHg).   
 
OPP was found to undergo significant diurnal variation (p<0.0001), with a mean OPP 
of 40.08 ± 4.18 mmHg. The mean amplitude of change in OPP was 6.34 ± 1.65 
mmHg (range, 10.74 ± 3.38 mmHg), which was not significantly different (p>0.05) 
between myopes (6.05 ± 1.94 mmHg) and emmetropes (6.64 ± 1.31 mmHg). OPP 
was typically found to be relatively lower in the morning (session 2 and 3) and 
higher during the night (session 5) on both days of testing (Figure 2.6).    
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Figure 2.4 : Mean change in posterior eye biometrics; vitreous chamber depth (VCD, n= 27) 
(top), retinal thickness (RT, n=30) (middle) and choroidal thickness (CT, n=24) (bottom) for 
ten sessions over two consecutive days. All values expressed as the difference from the 
mean of ten sessions across two measurement days. Repeated measures ANOVA revealed 
significant diurnal variations in both VCD (p<0.0001) and CT (p=0.011). Vertical error bars 
are standard error of the mean (SEM). Horizontal error bars are standars error in the mean 
time that the measurement was taken at each session (in hours).  
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Figure 2.5: Mean change in diastolic blood pressure (DBP) (top) and systolic blood pressure 
(SBP) (bottom) for ten sessions over two consecutive days. All values expressed as the 
difference from the mean of ten sessions across two measurement days. Repeated 
measures ANOVA revealed significant diurnal variations in DBP (p=0.013). Vertical error 
bars are standard error of the mean (SEM). Horizontal error bars are standars error in the 
mean time that the measurement was taken at each session (in hours).     
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Figure 2.6: Mean change in mean arterial pressure (MAP) (top) and ocular perfusion 
pressure (OPP) (bottom) for ten sessions over two consecutive days. All values expressed as 
the difference from the mean of ten sessions across two measurement days. Repeated 
measures ANOVA revealed significant diurnal variations in OPP (p<0.001). Vertical error 
bars are standard error of the mean (SEM). Horizontal error bars are standars error in the 
mean time that the measurement was taken at each session (in hours).     
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2.3.7 Sine curve modelling 
Table 2.4 displays the estimates of the mean amplitude (peak-trough difference), 
acrophase (peak timing of rhythm) and the 95% confidence bounds from the sine 
curve modelling for the changes in ACD, VCD, AL, CT and IOP.  It should be noted 
that the amplitude of change from the sine curve modelling (Table 2.4) is typically 
of smaller magnitude than the amplitude of change based upon the raw data (Table 
2.3) for these parameters, which is likely a reflection of the limitations of the sine 
curve model to optimally fit the data when there were no measurements 
performed for 12 hours of the 24 hour period.  It is evident from this modelling that 
the diurnal variations in axial length and choroidal thickness are in approximate 
anti-phase to each other, with the average timing of the shortest axial length 
coinciding with the thickest choroid. The changes in VCD appear approximately in 
phase with the changes in axial length, and the changes in ACD are in approximate 
anti-phase with axial length and VCD.  Figure 2.7 illustrates the sine curve modelling 
of the pooled data for the three main parameters of interest axial length, choroidal 
thickness and IOP.       
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Table 2.4: Summary of amplitude, acrophase and the root mean square (RMS) fit error from 
the sine curve modelling to the pooled data (normalized to the mean) for the changes in 
anterior chamber depth (ACD), vitreous chamber depth (VCD), axial length (A), choroidal 
thickness (CT) and IOP.     
  
 
Variables 
Mean Amplitude               
(Peak – Trough Difference) 
(95% confidence bounds) 
Mean Acrophase 
(Peak Time) (h:min) 
(95% confidence bounds) 
RMS 
Fit Error 
ACD 
(mm) 
0.018 (0.01 – 0.026) 22:28 (20:36 – 00:19) 0.026  
VCD 
(mm) 
0.031 (0.022 – 0.041) 11:17 (10:04-12:31) 0.028 
AL 
(mm) 
0.019 (0.016 – 0.023) 11:22 (10:34 - 12:09) 0.012  
CT 
(mm) 
0.010 (0.005 – 0.014) 23:26 (21:31 - 01:23) 0.013 
IOP 
(mmHg) 
2.4 (2.1 - 2.7) 09:47 (09:12 - 10:23) 1.1  
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Figure 2.7: Sine curve modelling of the mean changes in axial length (AL), choroidal 
thickness (CT) and intraocular pressure (IOP).  Note the solid lines indicate the best fitting 
sine curve to the pooled data and the symbols illustrate the group mean change of each 
parameter at each measurement time (normalized to the mean).  Left side Y axis scale 
indicates the normalised change in ocular biometric parameters (AL or CT) and right side Y 
axis scale indicates the normalised change in IOP. Note the approximately anti-phase 
relationship of diurnal variations in CT and AL rhythms, and in-phase relationship between 
the diurnal changes in AL and IOP. Error bars represent the standard error of the mean.         
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2.3.8 Visual activities 
Repeated measures ANOVA revealed that the inter-measurement visual activities 
(Dh) performed by the subjects varied significantly over the course of the day 
(p<0.0001, within-subjects effects of time), indicative of subjects performing a 
varied range of visual tasks between the measurement sessions (Figure 2.8). 
Subjects generally reported limited near and intermediate visual activities in the 
morning (prior to session 1), however the amount of near and intermediate visual 
activities increased substantially over the day (between sessions 2 to 4).The mean 
visual activities performed by the myopic and emmetropic subjects (2.58 ± 1.30 and 
2.82 ± 1.20 hours respectively) were not significantly different (p=0.529).     
 
Figure 2.8: Changes in Dioptre hours (Dh) of visual activities for the ten sessions over two 
consecutive days. All values are expressed as the mean Dh at each of the ten sessions 
across the two measurement days. Repeated measures ANOVA revealed that the inter-
measurement visual activities varied significantly over the course of each day (p<0.0001). 
Vertical error bars are standard error of the mean (SEM). Horizontal error bars are standars 
error in the mean time that the measurement was taken at each session (in hours).     
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2.3.9 Association between variables 
ANCOVA for repeated measures was performed to explore any significant 
association between the changes in axial length and the other measured 
parameters. This analysis revealed a significant association between the changes in 
axial length and the changes in a range of other biometry, tonometry and blood 
pressure parameters (Table 2.5). A moderate positive correlation was found 
between the changes in axial length and VCD (Slope = 0.266, r² = 0.31, p<0.0001), 
and a significant negative correlation between axial length and ACD (Slope = -0.184, 
r² = 0.12, p<0.001). ANCOVA also revealed a significant negative association (Slope = 
-0.0003, r² = 0.13, p<0.0001) between the changes in axial length and choroidal 
thickness. A significant positive association was observed between the changes in 
axial length and IOP (Slope = 0.004, r² = 0.17, p<0.0001). A weak but significant 
negative correlation was found between the changes in axial length and OPP (Slope 
= -0.002, r² = 0.098, p<0.0001). No significant association was observed between 
the changes in axial length and normal visual activities performed by the subjects 
preceding each measurement session (Dh, p>0.05).       
 
The change in mean myopic refraction per year for the myopic subjects was 
calculated to be -0.20 ± 0.15 D/year (range, 0.00 to -0.50 D/year). No significant 
association was observed between the mean amplitude of change in axial length for 
myopic subjects and mean progression rate of myopia per year (Bivariate Pearson’s 
Correlation, p>0.05) among the myopic subjects.    
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Table 2.5: Summary of association between change in axial length (AL) and other 
significantly changing ocular variables including: central corneal thickness (CCT), anterior 
chamber depth (ACD), vitreous chamber depth (VCD), choroidal thickness (CT) and 
intraocular pressure (IOP). Significant p values (p<0.05) are highlighted in bold.      
Variables 
Regression 
coefficient 
(Slope, B) 
Correlation 
coefficient (r²) 
p value (significance of F 
test) 
(Bonferroni correction 
applied for repeated 
statistical tests) 
 
CCT 
 
0.0007 
 
0.017 
 
0.352 
 
ACD 
 
-0.184 
 
0.12 
 
<0.0001 
 
VCD 
 
0.266 
 
0.31 
 
<0.0001 
 
CT 
 
-0.0003 
 
0.13 
 
<0.0001 
 
IOP 
 
0.004 
 
0.17 
 
<0.0001 
 
DBP 
 
-0.0003 
 
0.012 
 
0.837 
 
OPP 
 
-0.002 
 
0.098 
 
<0.0001 
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2.4 Discussion    
This study confirms and extends previous research investigating the diurnal rhythms 
in the axial length of the human eye. In this population of young adult myopes and 
emmetropes, axial length underwent significant diurnal variation and the amplitude 
and timing of these axial length rhythms were consistent with previous studies 
(Stone et al., 2004; Wilson et al., 2006; Read et al., 2008). Figure 2.9 schematically 
illustrates the changes in each of the ocular biometrics occurring at the time of the 
maximum and minimum axial length. Furthermore, these diurnal rhythms were 
consistently observed, in terms of both their timing and amplitude across two 
consecutive days. Previous studies investigating diurnal axial length rhythms have 
involved measurements over a single 24 hour period (Read et al., 2008) or if data 
from two days was collected, these two days were separated by weeks or months 
(Stone et al., 2004; Wilson et al., 2006), and some inconsistencies have been noted 
between days of measurement. In the current study, the collection of data over two 
consecutive days has revealed a more consistent pattern of variation between days, 
which suggests that longer term factors may have influenced the observed 
consistency of diurnal variations in previous studies (Stone et al., 2004; Wilson et 
al., 2006).     
 
The mean amplitude of change in axial length of 0.032 ± 0.018 mm in the current 
study equates to ~0.083 D change in refraction of the eye (Bennett and Rabbets, 
1989). However, given that the depth of focus of the human eye is about ± 0.28 - 
0.43 D (Atchison et al., 1997), the diurnal changes in axial length would not be 
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expected to substantially influence vision throughout the day or clinical measures of 
refraction. However, research applications requiring highly precise measures of 
axial length should be aware of these diurnal changes, and take these variations 
into account when interpreting measured changes in axial length.    
 
 
Figure 2.9:  Schematic diagram showing the changes in different ocular biometric 
components (corneal thickness (CCT), anterior chamber depth (ACD), lens thickness (LT), 
vitreous chamber depth (VCD), axial length (AL), retinal thickness (RT) and choroidal 
thickness (CT)) during the peak (top) and trough (bottom) timings of diurnal axial length 
(AL) rhythm.     
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Investigations of diurnal rhythms of human axial length typically defined this 
biometric parameter as the distance from the anterior corneal surface to the RPE 
(Stone et al., 2004; Wilson et al., 2006; Read et al., 2008). Therefore, the variations 
in axial length could be modulated by changes in the anterior segment, posterior 
segment, or from a combination of the two. The current study used instrumentation 
that allowed a more comprehensive range of ocular biometric measures to be 
assessed than has previously been possible, which allowed us to provide the first 
evidence in human subjects that VCD undergoes significant diurnal variations.  
 
The moderate association between the changes in axial length and VCD (r² = 0.31, 
p<0.0001), and the proximity of the acrophases of the two rhythms (Table 2.3), 
suggests that the diurnal axial length fluctuations are occurring largely due to 
changes in the posterior segment of the globe. Furthermore, the fact that the ACD 
variations (which are potentially related to movement in the crystalline lens) were 
out of phase with the changes in the VCD (mean phase difference 11 hours 11 min) 
suggests that changes in the posterior segment, and not an outward movement of 
the cornea, underlie the observed changes in axial length.      
.     
Another important finding from this study is the significant diurnal variation 
observed in choroidal thickness. Our population’s mean choroidal thickness of 0.256 
± 0.049 mm is within the range of previously reported normative values of the 
average human foveal choroidal thickness, measured using a variety of different 
methods (Brown et al., 2009; Margolis and Spaide, 2009; Manjunath et al., 2010; 
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Ikuno et al., 2010). In our larger population of subjects, a consistent pattern of 
diurnal variation was found, with the choroid typically being thickest at night and 
thinnest during the day. The mean amplitude of diurnal change in choroidal 
thickness of ~ 29 μm is within the range of ~ 30 - 60 μm by previous studies using 
different measurement methods (Brown et al., 2009; Tan et al., 2012; Usui et al., 
2012). These results correspond closely with previous research in other species such 
as birds (Papastergiou et al., 1998; Nickla et al., 1998a; Nickla et al., 2001; Nickla, 
2006) and marmosets (Nickla et al., 2002), where the choroid was typically found to 
be thicker at night and thinner during the morning.   
 
Although the OLCR method was found to be capable of determining choroidal 
thickness reliably in a large proportion of our subjects, it does have some 
limitations. Choroidal thickness measurements weren’t possible in all subjects, due 
to poor signal quality from the choroidal/scleral interface, and these measurements 
also require manual detection of the A-scan peaks which therefore requires 
subjective judgements from the observer.  This may be reflected in the slightly 
higher within session variability values for the choroidal thickness measures 
compared with the axial length measurements.  The choroidal thickness measures 
also reflect a measurement from just a single location in the choroid. Further 
research capable of more reliable imaging of the choroid across a wider area of the 
choroid, such as spectral domain OCT (Margolis and Spaide, 2009; Manjunath et al., 
2010; Ikuno et al., 2010), appears warranted to better understand these choroidal 
variations.  
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Whilst our results clearly indicate a significant diurnal variation in choroidal 
thickness, the underlying causes of these changes are not known. Given that the 
choroid is a highly vascularised tissue that provides the major blood supply to the 
outer retina (Linsenmeier et al., 1981; Bill et al., 1983), variations in blood flow 
could potentially be involved in its diurnal variations. In this study, a significant 
diurnal variation in OPP was observed, which is thought to provide an indirect 
approximation of choroidal blood flow (Kiel and Heuven, 1995; Riva et al., 1997a).  
Previous studies have also reported significant diurnal variations in OPP of human 
subjects (Sehi et al., 2005). A nocturnal elevation in the ocular perfusion pressure 
was observed which suggests an increase in choroidal blood flow at this time, 
consistent with the choroid typically being thickest at night (in the absence of an 
autoregulatory response). However, a weak association (r² = 0.023, p=0.051) 
between the diurnal changes in choroidal thickness and OPP suggests that other 
factors aside from choroidal blood flow may also be involved in the observed 
variations in choroidal thickness. Future research utilising direct methods for 
choroidal blood flow measurement such as laser-Doppler flowmetry (Riva et al., 
1997b; Lovasik et al., 2003) or laser interferometric techniques (Kiss et al., 2001) is 
required to determine the role of diurnal changes in choroidal blood flow in the 
observed thickness changes.   
 
In addition to supplying the outer retina with oxygen and nutrients (Yu and Cringle, 
2001), the choroid is also known to play a range of other important functional roles 
in the eye such as the regulation of the temperature of the retina (Parver et al., 
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1980), the release of different growth factors (Lutty et al., 1993; Mertz and 
Wallman, 2000) and the adjustment of the position of the retinal plane to 
compensate for defocus (Wallman et al., 1995; Wildsoet and Wallman, 1995). 
Changes in the choroid have been reported to occur in response to different 
ambient lighting conditions (Longo et al., 2000; Fuchsjäger-Mayrl et al., 2001; 
Lovasik et al., 2005). Therefore the diurnal changes in the choroid could potentially 
reflect diurnal variations in ocular temperature (Purslow and Wolffsohn, 2005) or 
outer retinal metabolic demands (Dmitriev and Mangel, 2001), or a response to 
variations in visual inputs or ocular optics (Wildsoet and Wallman, 1995; Hung et al., 
2000; Nickla, 2006, Read et al., 2010d). Further research is required to elucidate the 
physiological basis and underlying causes of choroidal diurnal variations in human 
eyes.     
 
A significant negative association was observed between the variations in axial 
length and choroidal thickness. The average timing of the shortest axial length 
tended to coincide with the thickest choroid with a phase difference of about 12:24 
hours (i.e. nearly exact anti-phase). As the current study defined axial length from 
the anterior corneal surface to the RPE, and the retina is surrounded by the 
choroidal layer, it can be reasonably postulated that expansion and contraction of 
the choroid could be directly involved in the diurnal variations of axial length. A 
recent study by Tan et al (2012) also reported a similar negative association 
between the two ocular variables. However, only about 13% (r² = 0.13) of the 
diurnal variations in axial length can be explained by variations in choroidal 
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thickness in the current study. It should be noted that the within-session variability 
in the determination of choroidal thickness was slightly higher (involving subjective 
estimation of peak locations in the A-scan data) than the axial length data (Table 
2.1).  The increased variability in the choroidal thickness data may therefore have 
influenced the strength of the association between axial length and choroidal 
thickness.  
    
Diurnal variations in IOP have been extensively studied (Drance, 1960; Kitazawa and 
Horie, 1975; Wilensky, 1991; Liu et al., 2003; Wilson et al., 2006). Our results are 
consistent with a number of previous studies in terms of both the timing and 
magnitude of diurnal IOP rhythms in healthy adult eyes (Drance, 1960; David et al., 
1992; Pointer, 1997; Liu et al., 1998, 2003). Our results also confirm a prior 
observation that a significant but relatively weak association (r² = 0.17) exists 
between the diurnal changes in axial length and IOP (Read et al., 2008). A strong 
trend for those subjects with larger amplitudes of change in IOP to also have larger 
amplitudes of change in axial length was not observed, which suggests that the 
association between axial length and IOP may be largely due to the similar timing of 
the two rhythms. Although both IOP and choroidal thickness were significantly 
associated with variations in axial length, the strength of these associations were 
relatively weak, which suggests there may be other factors (such as changes in 
scleral thickness due to changes in scleral proteoglycan synthesis, Nickla et al., 
1999) involved in the diurnal axial length rhythms. Recent reports of transient 
changes in axial length in response to accommodation (Drexler et al., 1998; Mallen 
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et al., 2006) and both hyperopic and myopic defocus (Read et al., 2010d), suggests 
that visual tasks or changes in ocular optics throughout the day could both 
potentially play some role in the diurnal changes in axial length.       
 
In this study, no evidence of significant differences between the ocular diurnal 
variations was observed in our myopic and emmetropic populations. Recent 
research has noted some differences associated with refractive error in the pattern 
of 24-hour variations of IOP in young adult subjects (Liu et al., 2002; Loewen et al., 
2010). However, our measurement protocol may not have detected some of these 
previously reported differences, as these previous studies measured IOP at 2 hour 
intervals over a 24 hour period, and some of the larger differences associated with 
refractive error were found during the nocturnal sleep period (Loewen et al., 2010).    
 
Previous research with animal models indicates that diurnal variations in axial 
length and choroidal thickness may be altered during refractive error development 
(Papastergiou et al., 1998; Nickla et al., 1998a; Nickla et al., 2002; Nickla, 2006).  In 
contrast to these findings, the diurnal variations in axial length and choroid were 
not significantly different between our populations of young adult myopes and 
emmetropes. Using the standard deviation for the mean amplitude of diurnal 
change in axial length (SD= 0.01 mm), it was estimated that 56 subjects per group 
would be required in order for the measured difference of 0.0053 ± 0.015 mm in 
the mean amplitude of change in axial length between the two refractive error 
groups to reach statistical significance. However, previous animal research has 
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shown that diurnal rhythms in axial length are different in older adolescent eyes 
compared to younger juvenile eyes (Papastergiou et al., 1998; Nickla et al., 2002), 
and that the magnitude of phase difference between axial length and choroidal 
thickness is associated with the ocular growth rate (Nickla, 2006), which may 
explain the lack of refractive error effects observed in the axial length and choroidal 
rhythms of our young adult population (mean age 24.4 ± 2.94 years), whose myopia 
was only progressing relatively slowly (mean progression rate calculated from 
previous clinical data -0.20 ± 0.15 D/year). Further research is required to 
determine whether younger, faster progressing myopic human eyes exhibit 
differences in their diurnal axial length and choroidal thickness rhythms.        
 
Previous studies have also reported a significant diurnal variation in CCT, with 
similar trends to our current study (Kiely et al., 1982; Harper et al., 1996; Read and 
Collins, 2009).  However, the magnitude of CCT change in this study is substantially 
smaller than previous studies that have typically measured corneal thickness 
immediately after eye opening in the morning when corneal swelling is associated 
with the relatively hypoxic closed eye environment (Efron and Carney, 1979; Kiely et 
al., 1982; Read and Collins, 2009).  This study has also shown that human ACD 
undergoes significant diurnal variation. The nocturnal enlargement of ACD is 
consistent with previous observations in humans (Read et al., 2008) and animal 
models (Nickla et al., 1998a; Liu and Farid, 1998). The fact that LT did not change 
significantly and that VCD changed in approximate anti-phase to ACD, suggests that 
the changes in ACD most likely reflect a posterior movement of the crystalline lens. 
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In our study, the deepest ACD tended to coincide with the lowest IOP, which is 
consistent with previous studies that have noted decreases in IOP are associated 
with a deepening of the ACD (Hayashi et al., 2000; Leydolt et al., 2008), and 
suggests that these findings may reflect diurnal changes in aqueous humor fluid 
dynamics within the eye that would be expected to influence both ACD and IOP 
(Leydolt et al., 2008; Quigley et al., 2003).   
 
In summary, axial length, choroidal thickness, anterior chamber biometrics and IOP 
all underwent significant diurnal variations that were consistently observed over 
two consecutive days of testing. Axial length was typically longest during the day 
and shortest during the night and the changes appear largely due to variations in 
the posterior segment of the eye. Choroidal thickness changed and by a similar 
amplitude approximately in anti-phase to the axial length variations. IOP and 
choroidal thickness were both significantly associated with variations in axial length, 
however the strength of these associations suggest other factors also involved in 
the diurnal variations of axial length.  The myopic and emmetropic subjects 
exhibited similar magnitude and timing of diurnal variations in axial length, 
choroidal thickness, IOP and other ocular biometrics.           
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Chapter3: Diurnal variations in ocular aberrations of human 
eyes 
3.1 Introduction 
In Chapter 2, the natural diurnal variations in eye length and intraocular pressure of 
young adult subjects were investigated, and small but significant diurnal changes in 
a range of ocular parameters were found. Given that these ocular biometric 
changes reported in Chapter 2 could potentially influence the eye’s optical quality, 
in this chapter, whether the optical quality of the eye also undergoes diurnal 
variation in the same cohort of young adult myopes and emmetropes is examined.  
 
Wavefront sensors now allow comprehensive measurements of the optical quality 
of the eye to be made and allows the quantification of both lower-order and higher-
order ocular monochromatic aberrations (Atchison, 2005). Measurements of the 
eye’s optical quality, in terms of both lower-order and higher-order aberrations, is 
crucial for a range of research and clinical applications. The measurement of the 
eye’s wavefront optics has improved our understanding of the optical quality of 
normal eyes (Cheng et al., 2003a), of eyes with refractive errors (Collins et al., 1995; 
He et al., 2002; Paquin et al., 2002; Buehren et al., 2005; Charman, 2005), and of 
clinical conditions such as dry eye (Montés-Micó et al., 2004a,b), keratoconus 
(Thibos and Hong, 1999; Maeda et al., 2002), lenticular cataract (Kuroda et al., 
2002a, b), as well as the changes in optical quality associated with corneal refractive 
surgery (Hong and Thibos, 2000; Mrochen et al., 2000; Miller et al., 2002; Seiler and 
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Dastjerdi, 2002), contact lenses (Hong et al., 2001; Lópoz-Gil et al., 2002) and 
intraocular lenses (Miller et al., 2002).     
 
A range of previous studies have investigated the cross-sectional characteristics 
(Liang and Williams, 1997; Porter et al., 2001; Thibos et al., 2002b; Castejón-
Mochón et al., 2002; He et al., 2002), and longitudinal changes in optical 
aberrations for both normal eyes (Cheng et al., 2004b) and following refractive 
surgery (Hong and Thibos, 2000). However, there have been only a very limited 
number of investigations into the natural diurnal variations of wavefront 
aberrations in human subjects. Knowledge of diurnal variations in the eye’s optics is 
important for the reliable interpretation of clinical and research findings, 
particularly for applications requiring highly precise determination of wavefront 
aberrations (e.g. wavefront guided refractive surgery and customised refractive 
corrections), and the assessment of longitudinal changes in ocular aberrations.  
 
Two previous studies using a Tscherning-type aberrometer (Mierdel et al., 2004), 
and a Hartmann-Shack aberrometer (Srivannaboon et al., 2007) have reported that 
diurnal fluctuations in most of the higher-order (third and fourth order Zernike) 
aberrations are relatively small in magnitude (~ 0.01 – 0.03 µm), and are clinically 
insignificant. Mierdel (2004) only found a statistically significant increase in a single 
higher order aberration term, vertical secondary astigmatism ( during the 
day. Whilst the previous studies have examined the diurnal changes in ocular 
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aberrations over a single day, and have not involved measurements extending past 
6:00 pm (Mierdel et al., 2004; Srivannaboon et al., 2007), no previous study has 
investigated the relative consistency of the diurnal variations in optical aberrations 
between days. A study by Cheng and associates (2004b) also reported upon 
significant temporal variability in Hartmann-Shack derived ocular aberrations, in 
serial measurements collected over seconds, hours, days, months and one year.  
This variability indicates the presence of fluctuations in ocular optics that could 
potentially influence the longer term consistency of their diurnal variations.  
However, if wavefront optics in the human eye exhibit consistent diurnal fluctuation 
then these variations should be observed over two consecutive days.   
 
It is known that the two major contributors to the overall aberrations in the human 
eye are the anterior surface of the cornea and the crystalline lens (major 
component of the internal ocular optics) (Artal and Guirao, 1998; Artal et al., 2001). 
Therefore, the changes in ocular wavefront aberrations could be modulated by 
optical changes in the cornea, crystalline lens or from a combination of changes in 
both of these ocular components. Previous studies have reported significant diurnal 
variations in anterior corneal aberrations (Read et al., 2005), but the presence of 
significant diurnal change in the eye’s internal optics is not known. One additional 
factor that could potentially influence the dynamics of wavefront aberrations is the 
diurnal variation in axial length (Stone et al., 2004; Wilson et al., 2006; Read et al., 
2008). Alternatively, diurnal variations in ocular optics could potentially influence 
axial length, given that recent research shows that optical defocus can influence 
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axial length in humans subjects (Read et al., 2010d). However, no previous study 
has examined the potential association between the changes in eye length and 
ocular optics of the human eye.   
 
A large body of research work has been carried out over the years to understand 
the potential role of wavefront aberrations in development of myopia in humans 
(Collins et al., 1995; He et al., 2002; Paquin et al., 2002; Buehren et al., 2004, 
Charman, 2005). However, no previous study has investigated the potential 
differences in the magnitude and timing of diurnal variations in ocular aberrations 
between myopic and emmetropic subjects. Although some investigators have 
reported significant differences in the total higher-order aberration (He et al., 2002; 
Paquin et al., 2002; Buehren et al., 2005), or individual higher-order aberration 
terms such as spherical aberration and coma (Paquin et al., 2002) associated with 
refractive error, others have found no significant differences in the ocular 
aberrations of myopes and emmetropes (Porter et al., 2001; Carkeet et al., 2002; 
Cheng et al., 2003c). The presence of significant diurnal variations in ocular optics, 
or differences in the magnitude of these variations associated with refractive error 
could potentially account for some of the inconsistencies between the findings of 
these previous studies. 
 
In this study, diurnal variations in both lower-order and higher-order ocular optical 
aberrations in populations of young adult emmetropic and myopic subjects were 
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investigated over two consecutive days using a Hartmann-Shack aberrometer. To 
shed light on the potential mechanisms underlying diurnal variations in ocular 
optics, the relationship between variations in ocular optics and the changes in 
ocular biometric parameters over the course of the day was also examined.  
 
3.2 Methodology  
3.2.1 Subjects and procedures 
Thirty young adult subjects (15 myopes, 15 emmetropes) aged between 18 to 30 
years (mean age ± standard deviation (SD), 25.16 ± 3.32 years) participated in this 
study. Seventeen of the subjects were male. Detailed subject demographics, 
inclusion and exclusion criteria, classification of participants, and other instructions 
given to the participants during the experiment are described in detail in Chapter 2. 
To investigate the diurnal rhythms in ocular optics, a series of measurements of 
ocular wavefront aberrations were obtained over two consecutive days. On each 
day, 5 measurement sessions were carried out approximately every 2.5 to 3 hours, 
with the first measurement taken at approximately 9 am and the final 
measurement at approximately 9 pm. The exact timings for each of the ten 
measurement sessions over the two consecutive days, and detailed descriptions of 
the other measurement procedures performed at each session are detailed in 
Chapter 2.  
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The Complete Ophthalmic Analysis System (COAS, AMO Wavefront Sciences) 
wavefront aberrometer was used to measure the eye’s total wavefront aberrations, 
in order to objectively define the optics of the eye and their diurnal variation. This 
instrument uses the Hartmann-Shack principle and has been found to be highly 
accurate and reliable over a range of lower-order and higher-order ocular 
aberrations (Cheng et al., 2003b). Hartmann-Shack wavefront sensors consist of a 
micro-lenslet array that breaks the wavefront reflected from the retina (generated 
from a small infra-red laser spot) and emerging from the eye into many individual 
beams, producing multiple spot images. The wavefront aberration is then calculated 
by measuring the displacement of each spot image from its corresponding micro-
lens axis on the video sensor (Liang et al., 1994, Thibos, 2000a). The wavefront 
aberrations of the eye are commonly defined in the form of Zernike polynomials 
(Atchison, 2004, Figure 1.2) and expressed in the OSA double index form (Thibos et 
al., 2000b). These polynomials are classified as lower-order aberrations 
representing sphere-cylindrical refractive error (up to the second order), and 
higher-order aberrations (third order and above).   
 
For each measurement, the fellow (left) eye was patched, and each subject was 
instructed to fixate upon the centre of the instrument’s internal fixation target.  
During the measurement, the fixation target is automatically fogged by the 
instrument in order to control accommodation. Fogging procedures are known to 
be effective for relaxation of accommodation without the use of cycloplegic agents 
(Queirós et al., 2008). The wavefront measurements were performed without the 
use of any eye drops under natural pupil conditions. Subjects were instructed to 
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blink normally, and the measurements were collected 1 – 2 seconds after the blink 
to ensure a stable tear film during the measurement. The room lighting was kept at 
low photopic levels during the measurements, to ensure that all subjects had a 
minimum pupil diameter of 5 mm for all measurements.  
 
Four measurements, each consisting of 25 continuous frames (4×25 frames, 
multibuffer acquisition) were obtained at each measurement session. The raw 
wavefront aberration data were fit with Zernike polynomials up to the eighth radial 
order and exported from the instrument for further analysis.  Custom written 
software was then used to calculate the average wavefront across a 5 mm pupil 
diameter for each subject at each session.  
 
At each measurement session as described in Chapter 2, ocular biometry was also 
assessed using the Lenstar LS900 optical biometer. In this study, the average 
anterior corneal curvature measurements (i.e. the mean of the steep and flat 
keratometry values) were also derived from the Lenstar. The device acquires the 
anterior corneal curvature measurements by analysing the reflected pattern of 32 
LEDs (light-emitting diodes) distributed in the two concentric circles from the 
anterior corneal surface (Rohrer et al., 2009). The keratometry measurements with 
the Lenstar have been found to be highly precise (Cruysberg et al., 2010) and to 
correlate closely with other biometers such as the IOL master (Rohrer et al., 2009).  
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3.2.2 Data analysis 
Studies have shown that optical aberrations up to the fourth order in normal 
subjects typically exhibit the largest magnitude, and are generally regarded as the 
major contributors to the total aberrations of the human eye (Thibos et al., 2002a, 
b; Wang and Koch, 2003). This study therefore concentrated upon investigation of 
diurnal variations in the lower-order (sphero-cylindrical refractive powers) and 3rd 
and 4th order aberration terms; along with higher-order root mean square (RMS) 
(derived from the 3rd through to the 8th order aberrations).  
 
Following data collection, the average of all the Zernike polynomials for each 
subject at each measurement session was calculated. To provide an estimate of 
each subject’s lower-order optics, the average wavefront was converted into 
refractive power (Iskander et al., 2007), and the best sphero-cylinder was fit to this 
dioptric power map (Maloney et al., 1993). The resultant sphero-cylinder was then 
transformed into power vector components M (best fit sphere), J0 (astigmatism at 
90°/180°) and J45 (astigmatism at 45°/135°) (Thibos et al., 1997).  The amplitude of 
change (the difference between the maximum and minimum) for days 1 and 2 and 
the average amplitude were also calculated for each measured Zernike coefficient 
and power vector.  
 
The Kolmogorov-Smirnov test revealed that all of the higher-order and lower-order 
aberrations did not depart significantly from a normal distribution (p>0.05). A 
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repeated measures analysis of variance (ANOVA) with two within subjects factors 
(time of day and day of measurement) and one between-subjects factor (refractive 
error) was performed to investigate for significant diurnal changes in each of the 
optical aberration parameters and for any significant differences between the 
refractive error groups. The Greenhouse-Geisser adjustment was applied to correct 
for departures of the data from the assumption of sphericity. Additionally, to 
investigate any significant association between the changes ocular wavefront 
aberrations and changes in the other biometric parameters, an analysis of 
covariance (ANCOVA) was carried out for the analysis of repeated measures (Bland 
and Altman, 1995). As this analysis involved a number of repeated statistical tests, a 
Bonferroni correction was applied to the p-values in order to reduce the chance of 
type1 statistical errors.  All statistical analysis was performed using SPSS for 
Windows software (Version 17.0, SPSS inc).    
 
3.3 Results  
3.3.1 Diurnal variation in lower-order optics   
Table 3.1 displays the group mean values and diurnal amplitude of change observed 
in the sphero-cylinder power vectors. Significant diurnal variation was observed in 
refractive power vector M (best fit sphere), (repeated measures ANOVA, p=0.029) 
(Figure 3.1). The group mean best sphere was -2.282 ± 2.21 D, with a mean 
amplitude of change of 0.368 ± 0.153 D (range, 0.70 - 0.115 D) over the 
measurement period. Power vector M was typically observed to be at a maximum 
(i.e. most hyperopic) at the morning measurement, with a small myopic shift 
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observed over the course of the day. The mean best fit sphere was significantly 
different (p<0.0001) between myopes (-4.20 ± 1.33 D) and emmetropes (-0.361 ± 
0.652 D). The changes in power vector M did not exhibit a significant time by 
refractive error interaction (p=0.588, repeated measures ANOVA), indicating a 
similar timing and amplitude of diurnal variation in the spherical refraction in the 
myopic (mean amplitude 0.312 ± 0.135 D) and emmetropic (mean amplitude 0.424 
± 0.153 D) subjects over the two days of measurement. Repeated measures ANOVA 
revealed no significant diurnal variation (p>0.05) in power vector J0 (astigmatism at 
90/180 degree) or in power vector J45 (astigmatism at 45/135 degree) (Figure 3.1). 
The mean astigmatism at 90/180 degree (J0 vector, 0.106 ± 0.253 D) was 
significantly different (p=0.009) between myopes (0.214 ± 0.261 D) and 
emmetropes (-0.002 ± 0.2 D). The mean amplitude of change in both power vector 
J0 (0.096 ± 0.04 D) and power vector J45 (0.079 ± 0.048 D) were not significantly 
different between the refractive error groups (time by refractive error interaction, 
p>0.05). Repeated measures ANOVA revealed a significant effect of measurement 
day for power vector J0, as the mean power vector J0 on day 2 was 0.011 ± 0.004 D 
greater than that on day 1  (p=0.016). None of the sphero-cylindrical power vectors 
exhibited significant time by day interaction (p>0.05).       
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Figure 3.1: Mean change in lower order optics; power vector M (best fit sphere) (top), J0 
vector (astigmatism at 90/180 deg) (middle) and J45 vector (astigmatism at 45/135) 
(bottom) for ten sessions over two consecutive days. All values expressed as the difference 
from the mean of ten sessions across two measurement days. Repeated measures ANOVA 
revealed significant diurnal variations in power vector M (p=0.029). Vertical error bars are 
standard error of the mean (SEM). Horizontal error bars are standars error in the mean 
time that the measurement was taken at each session (in hours).
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Table 3.1: Group mean values, amplitude of change over two days and p-values from repeated measures ANOVA investigating the within-subjects effects of 
time and day and the time by day interaction, the between-subjects effect of refractive error and the time by refractive error interaction for lower-order 
(sphero-cylindrical refractive power vectors M, J0 and J45). Significant p values (p<0.05) are highlighted in bold.  
Type Variables 
Group mean ± 
SD 
Mean 
amplitude of 
change ± SD 
 
p values from repeated measures ANOVA 
 
(Time) (Day) (Time by day) 
(Time by 
refractive 
error) 
(Refractive 
error) 
Spherocylindrical 
data, refractive 
power vectors (D) 
 
M Vector 
(best fit sphere) 
 
-2.282 ± 2.21 0.368 ± 0.153 0.029 0.372 0.718 0.588 <0.0001 
J0 Vector 
(astigmatism at 
90/180 deg) 
 
0.106 ± 0.253 0.096 ± 0.04 0.318 0.016 0.306 0.332 0.009 
J45 Vector 
(astigmatism at 
45/135 deg) 
 
0.02 ± 0.202 0.079 ± 0.048 0.168 0.79 0.673 0.295 0.196 
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3.3.2 Diurnal variation in higher-order optics 
The group mean values and amplitude of diurnal variation in the individual 3rd and 
4th order aberration terms and the higher order RMS are displayed in Table 3.2. 
Spherical aberration ) was found to undergo statistically significant diurnal 
variation on repeated measures ANOVA (p=0.043) with a mean amplitude of change 
of 0.036 ± 0.02 µm (range, 0.012 - 0.119 µm) (Figure 3.2). With a group mean level 
of 0.037 ± 0.04 µm, spherical aberration did not exhibit any significant difference in 
mean amplitude of change between myopic (0.029 ± 0.011 µm) and emmetropic 
(0.043 ± 0.025 µm) subjects (p>0.05, repeated measures ANOVA). None of the other 
measured 3rd or 4th order aberration terms exhibited significant diurnal variation 
over the two days of measurement (p>0.05 for all terms), or a significant time by 
refractive error interaction (p>0.05 for all terms). Additionally, no significant diurnal 
variations were found in the higher-order RMS (mean amplitude of change, 0.076 ± 
0.06, µm p=0.364, Figure 3.3). The group mean higher-order RMS was 0.225 ± 0.057 
µm, which was not significantly different between the two refractive error groups 
(p=0.137). The variations in higher-order RMS over the two days also showed no 
evidence of significant time by refractive error interaction (p=0.311). Repeated 
measures ANOVA also revealed that none of the higher-order aberration terms 
exhibited significant effect of measurement day or significant time by day 
interaction (p>0.05).
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Table 3.2: Group mean values, amplitude of change over two days and p-values from repeated measures ANOVA investigating the within-subjects effects of 
time and day and the time by day interaction, the between-subjects effect of refractive error and the time by refractive error interaction for 3rd and 4th 
higher-order optics (oblique trefoil ( ), vertical coma ( horizontal coma horizontal trefoil ( ), oblique quatrefoil ( ), oblique secondary 
astigmatism ( spherical aberration , with/against the rule secondary astigmatism ( ), and quatrefoil (  along with root mean square (RMS) for 
the higher-order aberrations. Significant p values (p<0.05) are highlighted in bold.     
Types Variables 
Group mean ± 
SD 
Mean amplitude 
of change ± SD 
p values from repeated measures ANOVA 
(Time) (Day) 
(Time by 
day) 
(Time by 
refractive 
error) 
(Refractive 
error) 
Third-order 
aberrations 
(µm) 
Oblique trefoil ) -0.068 ± 0.06 0.061 ± 0.043 0.670 0.227 0.633 0.544 0.350 
Vertical coma  0.022 ± 0.105 0.066 ± 0.043 0.138 0.272 0.249 0.776 0.761 
Horizontal coma  -0.004 ± 0.048 0.043 ± 0.022 0.059 0.892 0.409 0.285 0.511 
Horizontal trefoil  ) 0.026 ± 0.073 0.044 ± 0.025 0.420 0.453 0.345 0.326 0.6 
Fourth-
order 
aberrations 
(µm) 
Oblique quatrefoil  ( ) 0.014 ± 0.021 0.027 ± 0.019 0.354 0.257 0.634 0.325 0.960 
Oblique secondary astigmatism 
(  
-0.008 ± 0.017 0.023 ± 0.013 0.218 0.136 0.332 0.441 0.843 
Spherical aberration  0.038 ± 0.048 0.036 ± 0.02 0.043 0.898 0.169 0.353 0.868 
With/against the rule secondary 
astigmatism  ( ) 
0.009 ± 0.035 0.038 ± 0.020 0.115 0.261 0.845 0.949 0.655 
Quatrefoil  (  0.006 ± 0.029 0.036 ± 0.019 0.327 0.546 0.863 0.676 0.494 
Higher-
order RMS 
Higher-order RMS 0.225 ± 0.057 0.076 ± 0.06 0.364 0.481 0.204 0.310 0.137 
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Figure 3.2: Mean change in spherical aberration ( for ten sessions over two consecutive 
days. All values expressed as the difference from the mean of ten sessions across two 
measurement days. Repeated measures ANOVA revealed significant diurnal variations in 
 (p=0.043). Vertical error bars are standard error of the mean (SEM). Horizontal error 
bars are standars error in the mean time that the measurement was taken at each session 
(in hours).      
 
Figure 3.3: Mean change in root mean square (RMS) of higher-order aberration for ten 
sessions over two consecutive days. All values expressed as the difference from the mean 
of ten sessions across two measurement days. Repeated measures ANOVA revealed no 
significant diurnal variations in higher-order RMS (p=0.364). Vertical error bars are standard 
error of the mean (SEM). Horizontal error bars are standars error in the mean time that the 
measurement was taken at each session (in hours).    
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3.3.3 Corneal curvature 
Significant diurnal variations in anterior corneal curvature (p<0.001) were observed 
over the two days of measurement (Figure 3.4). The cornea was typically observed 
to be flattest in the morning (session 1, mean time, 09:17) and gradually became 
steeper throughout the day, with the steepest corneal curvature typically observed 
in the evening between the third (mean time, 15:20) and fourth session (mean time, 
18:15). Repeated-measures ANOVA revealed that the mean corneal curvature 
(43.41 ± 1.49 D) was not significantly different between the myopic and 
emmetropic subjects (p=0.462). The mean amplitude of change in corneal curvature 
0.242 ± 0.126 D (range, 0.052 – 0.492 D) did not exhibit a significant time-refractive 
error interaction (p=0.278, repeated-measures ANOVA), indicating similar timing 
and amplitude of diurnal corneal curvature changes between the refractive error 
groups. There was no significant time by day interaction, which indicates that the 
pattern of diurnal change in the anterior corneal curvature was consistent across 
the two days of measurements (p=0.085).   
 
3.3.4 Association between variables 
ANCOVA for repeated measures was performed to examine any significant 
association between the changes in optical aberrations and the other biometric 
variables measured at each session. This analysis revealed no significant association 
(p>0.05) between the changes in power vector M (best fit sphere) and the biometric 
variables of interest including CCT (r² = 0.003), VCD (r² = 0.0002) and axial length   
(r² = 0.00006). Additionally, no significant correlation (p>0.05) was found between 
125 
 
the changes to spherical aberration (  and other ocular biometric variables CCT 
(r² = 0.018), VCD (r² = 0.006) and axial length (r² = 0.0009). ANCOVA also revealed 
no significant association between the changes in anterior corneal curvature and 
both lower-order (r² = 0.01) and higher-order (r² = 0.0001) ocular optics (p>0.05).  
 
 
Figure 3.4: Mean change in anterior corneal curvature for ten sessions over two 
consecutive days. All values expressed as the difference from the mean of ten sessions 
across two measurement days. Repeated measures ANOVA revealed significant diurnal 
variations in corneal curvature (p<0.001). Vertical error bars are standard error of the mean 
(SEM). Horizontal error bars are standars error in the mean time that the measurement was 
taken at each session (in hours).     
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3.4 Discussion 
In this Chapter, the diurnal variations in a range of lower-order and higher-order 
ocular aberrations were examined over two consecutive days in young adult myopic 
and emmetropic subjects. Significant diurnal variations were observed in the 
refractive power best fit sphere (power vector M) and in spherical aberration (  
over the two measurement days. The diurnal variations observed in power vector M 
and  also appeared to exhibit similar amplitude (M vector, day 1 = 0.372 ± 0.197 
D and day 2 = 0.353 ± 0.235 D, and  day 1 = 0.037 ± 0.022 µm and day 2 = 0.035 ± 
0.025 µm) across the two consecutive days of testing. Although figures 3.1 and 3.2 
suggest slight differences in the pattern of diurnal variations in both power vector 
M and   between the two measurements days, no significant time by day 
interaction was observed in the diurnal variation of these parameters (p>0.05). This 
could be due to the relatively high variability in the diurnal change observed in both 
parameters at each measurement session (as illustrated by the vertical error bars in 
figures 3.1 and 3.2). Previous studies investigating diurnal fluctuations in ocular 
wavefront aberrations have only assessed variations over a single day, and have not 
involved measurements extending past 6:00 pm (Mierdel et al., 2004; Srivannaboon 
et al., 2007). Therefore, the exact pattern of diurnal change in ocular aberrations, 
and their relative consistency between days, has not been clearly defined 
previously. In this study, the collection of wavefront data over a 12 hour period 
across each of two consecutive days allowed the consistent diurnal variation in 
these ocular optical parameters to be detected.   
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One important finding from this study is the significant diurnal variation noted in 
the best sphere refraction (M).  Diurnal variation in ocular refraction has been 
previously documented in the normal eye (Seiler et al., 1992; Baïkoff et al., 1999; 
Twa et al., 2000). The mean amplitude of change in best sphere (0.368 ± 0.153 D) in 
our population is within the range of previously reported average magnitude of 
diurnal change (± 0.50 DS) in eye’s refraction (Baïkoff et al., 1999; Twa et al., 2000). 
A significant myopic refractive shift in best sphere refraction was found later in the 
day. Previous studies have also reported a myopic shift in automated objective 
refraction over the course of the day for normal eyes (Twa et al., 2000). The 
magnitude of change observed in ocular refraction in this study were on average 
greater than 0.25 DS, and therefore could potentially influence clinical measures of 
refraction, and clinicians requiring precise refraction measures should be aware of 
the potential for diurnal changes to influence refraction measures, and take these 
diurnal changes into account when interpreting measured changes in ocular 
refraction.           
 
If the changes in spherical refraction were occurring solely as a result of the diurnal 
variations in the eye’s axial length, then the refraction would be expected to be 
more hyperopic (by ~0.083 D) in the evening when the axial length is at its shortest. 
However, this was not the case, as the spherical refraction was actually found to be 
significantly more myopic later in the day (mean diurnal change, 0.368 ± 0.153 D) 
compared to the morning. This paradoxical result between the fluctuations in axial 
length and spherical refraction, and the fact that no significant association was 
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found between the changes in these two variables (p>0.05) suggests that changes in 
other ocular optical components (such as the cornea or crystalline lens) are playing 
a greater role in the diurnal changes in ocular refraction compared to the axial 
length. Previous animal studies have also observed a similar paradoxical 
relationship between the changes in axial length and ocular refraction (Campbell et 
al., 2012).  
 
The general pattern and magnitude of diurnal change observed in anterior corneal 
curvature are consistent with previous investigations (Kiely et al., 1982; Handa et 
al., 2002; Read et al., 2005; Read and Collins, 2009). The cornea was observed to be 
flattest in the morning, and became gradually steeper throughout the day (mean 
diurnal change, 0.242 ± 0.126 D) leading to a significant myopic shift in the corneal 
refractive power over the course of the day.  The diurnal changes in corneal power 
over the day appeared to be consistent with the changes observed in ocular 
refraction that was also most hyperopic in the morning and became more myopic 
over the course of the day.  However, the changes in anterior corneal curvature 
were not significantly associated with the changes in ocular spherical refraction 
(p>0.05), which suggests that diurnal fluctuations in the other optical components 
of the eye, such as curvature of the crystalline lens or posterior cornea, or variations 
in the corneal or crystalline lens refractive index, could also be involved in the 
changes observed in ocular refraction. Diurnal fluctuations in the gradient refractive 
index of the crystalline lens have been observed in other species, and have been 
shown to be related to variations in retinal dopamine levels (Schartau et al., 2010; 
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Kröger, 2012), however diurnal changes in the refractive index of the human 
crystalline lens have not previously been examined. It should be noted that the 
spherical refraction data was analysed over a 5 mm pupil, but the anterior corneal 
keratometry values reflect only the central 2-3 mm of corneal curvature, which may 
have influenced the strength of the correlation observed between these variables. 
Future research is required to more comprehensively investigate the physiological 
basis and underlying causes of diurnal variations in the best sphere refraction of 
human eyes.         
 
Spherical aberration (  was found to undergo significant diurnal variation. In two 
earlier studies, both Mierdel et al (2004) and Srivannaboon et al (2007) did not find 
significant diurnal variations in . This difference between the studies may result 
from a range of factors including; differences in the timing of measurements, the 
instruments used (Tscherning-type aberrometer, Mierdel et al., 2004), analysis 
procedure (RMS of individual higher-order Zernike polynomials calculated, Mierdel 
et al., 2004), accommodative state used for measurements (cycloplegic 
aberrometry, Srivannaboon et al., 2007) and pupil size used for analysis [6.0 mm 
pupil used, both Mierdel et al (2004) and Srivannaboon et al (2007)]. Spherical 
aberration generally represents one of the largest magnitudes of all the higher-
order aberrations in human eyes, with an average absolute magnitude of 
approximately 0.05 - 0.1 µm for a 5 mm pupil in young normal eyes (Castejón-
Mochón et al., 2002; Salmon, van de Pol, 2006). The mean amplitude of change in 
 of 0.036 ± 0.02 µm in the current study equates to 69.23% of the mean absolute 
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value of  (i.e. 0.052 ± 0.032 µm). This suggests that the magnitude of diurnal 
change in  could be as large as ≥ 50% of the mean absolute level of the 
aberration present in the eye. As a result, the diurnal change in  throughout the 
day is important to consider for reliable interpretation of various clinical and 
research applications. Research applications investigating longitudinal changes in 
wavefront aberrations, or clinical applications requiring precise wavefront 
measurements (e.g. wavefront-guided refractive surgeries for correcting higher-
order wavefront errors) should take these changes into account while interpreting 
the wavefront data to avoid confounding of the results by these diurnal changes            
 
The effective level of  in the eye largely depends on the pupil size (Charman et al., 
1978; Wang et al., 2003), level of accommodation (Collins et al., 1997; Ninomiya et 
al., 2002), and age (McLellan et al., 2001; Artal et al., 2002; Wang and Koch,  2003; 
Amano et al., 2004). The mean positive of 0.038 ± 0.048 µm in our population 
agrees with the range of previously reported values of the average  for similar 
pupil sizes in young adults (Porter et al., 2001; Castejón-Mochón et al., 2002; Wang 
and Koch, 2003). A number of previous studies have reported that normal human 
eyes have more positive  when not accommodating (Koomen et al, 1949; Jenkins, 
1963; Millodot and Sivak, 1978; Thibos et al., 2002a), that shows a negative shift 
with an increase in accommodation (Jenkins, 1963; Atchison et al., 1995; He at al., 
2000; Cheng et al., 2004a). In this study, as the subjects were not cyclopleged, and 
the fogging method is unlikely to have been completely effective in relaxing the 
accommodation, it is likely that changes in natural accommodation could have 
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potentially influenced our results, leading to a less positive value of  in some 
subjects. Previous studies have also shown diurnal variations in tonic 
accommodation of human eyes (Kurtev et al., 1990).  
 
It is known that optics of the cornea and crystalline lens contributes to the total 
magnitude of  in human eyes (El Hage and Berny, 1973; Millodot and Sivak, 1978; 
Smith et al., 2001). In the present study, corneal higher order aberrations were not 
measured. Although, a previous study has reported no significant diurnal variations 
in corneal (Read et al., 2005), more comprehensive studies are warranted in the 
future to explore the diurnal changes in corneal and lenticular  and their relative 
contribution to the diurnal fluctuations in the total  of human eyes.   
 
In the current study, no evidence of significant differences between the diurnal 
variations in lower-order and higher-order wavefront aberrations in our population 
of myopic and emmetropic subjects were found, which suggests that the daily 
fluctuations in the ocular optics is similar between myopes and emmetropes. Earlier 
studies have reported significant differences in the total higher-order RMS (He et 
al., 2002; Paquin et al., 2002; Buehren et al., 2005), or individual higher-order 
aberrations (Paquin et al., 2002) between the myopic and emmetropic eyes. In 
contrast, a range of other studies (Porter et al., 2001; Carkeet et al., 2002; Cheng et 
al., 2003c) found no strong evidence for individual or total higher-order RMS to be 
greater in myopes than those in emmetropes. In two earlier studies, both He and 
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Paquin (2002) found that RMS of  is significantly greater in myopes than 
emmetropes. Future cross-sectional studies investigating the demographics of 
wavefront aberration in refractive error populations should take these diurnal 
changes into account.          
 
In conclusion, best sphere refraction (power vector M) and spherical aberration 
 underwent significant diurnal variations that were consistently observed over 
two consecutive days of measurement. There were no significant differences in the 
magnitude and timing of diurnal variations in lower-order and higher-order optics 
associated with refractive error. The changes in the eyes lower- and higher order 
ocular optics were not significantly associated with the diurnal variations in axial 
length and the other measured ocular biometric parameters. Further research is 
required to comprehensively investigate the physiological basis and underlying 
causes of diurnal variations in these optical parameters. Research and clinical 
applications requiring precise wavefront measurements should take these diurnal 
changes into account when interpreting the wavefront data.       
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Chapter 4: Monocular Myopic Defocus and Diurnal Variations in 
Axial Length and Choroidal Thickness 
  
4.1 Introduction 
In the two previous chapters, significant natural diurnal variations occuring in the 
length of the eye and in the eye’s optical characteristics over the course of the day 
were observed. However a strong relationship between the optical and eye length 
changes was not found, which suggests that the small natural fluctuations in the 
eye’s optical quality are not sufficient to influence the natural fluctuations in the 
length of the eye. In this Chapter, the influences of introducing larger amounts of 
optical defocus to the eye on the changes in the eye’s diurnal rhythms in axial 
length are examined.   
 
It is well established, primarily from work with avian (Irving et al., 1992; Schaeffel et 
al., 1988) and primate (Graham and Judge, 1999; Hung et al., 1995) animal models 
that exposing the eye to optical defocus can lead to predictable changes in eye 
growth and the development of refractive errors.  These defocus induced changes 
are consistent with the visual system altering the length of the eye to match the 
position of the retina to the plane of focus within the eye (Wallman et al., 1995), 
and involve both longer term changes in scleral growth, and shorter term variations 
in choroidal thickness (Hung et al., 2000; Wallman et al., 1995). Recent research on 
young adult human subjects has also reported small, bidirectional changes in axial 
length  in response to short term exposure (60 minutes) to monocular hyperopic 
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and myopic defocus, that appears to be largely modulated by changes in choroidal 
thickness (Read et al., 2010d).    
 
Defocus imposed upon young chick eyes, has also been found to significantly 
disrupt the natural diurnal rhythms that occur in eye length and choroidal thickness 
(Nickla et al., 1998a; Nickla, 2006; Papastergiou et al., 1998). In the eye’s of 
normally growing young chicks, eye length and choroidal thickness typically exhibit 
natural diurnal rhythms that are in antiphase, where the eye is longer and the 
choroid is thinnest during the day, and the eye is shortest and the choroid is 
thickest at night (Nickla et al., 1998a; Nickla et al., 2001; Nickla, 2006; Papastergiou 
et al., 1998). The introduction of hyperopic defocus is associated with small phase 
shifts in these diurnal rhythms, leading to an enhanced ocular elongation in the 
morning and a significant choroidal thickening during the night. In chick eyes 
exposed to myopic defocus, eye length exhibits a significant phase delay relative to 
normal eyes, while the diurnal rhythms in choroidal thickness are significantly 
phase-advanced (a greater choroidal  thickening occurring in the day) resulting in 
the two rhythms becoming in-phase with one another, decreasing the axial growth 
of the eye.   
 
Natural variations in axial length over the course of the day have also been 
documented to occur in normal adult human eyes (Read et al., 2008; Stone et al., 
2004; Wilson et al., 2006), with the maximum axial length typically occurring during 
the day, and the minimum at night. In Experiment 2 it was shown that the diurnal 
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rhythms in axial length involve variations in the thickness of the choroid in humans, 
as the average timing of the shortest axial length tends to coincide with the average 
timing of the thickest choroid (approximately anti-phase). Although human axial 
length is known to undergo significant daily variation, and is also known to be 
affected by short (60 minutes) periods of monocular defocus (Read et al., 2010d), 
the influence of longer periods of optical defocus on the natural daily variations in 
axial length and choroidal thickness in human eyes is not known.   
 
Optical blur plays a role in the development of refractive errors in animals, and 
recent finding suggest that short periods of optical defocus (60 minutes) lead to 
changes in ocular dimensions in human eyes. Therefore, in this study, the influence 
of a longer period (12 hours) of monocular myopic defocus upon the normal daily 
variations in axial length (AL, the distance from the anterior corneal surface to the 
retinal pigment epithelium, RPE) and choroidal thickness in young adult emmetropic 
human subjects is examined.    
 
4.2 Methodology  
4.2.1 Subjects and procedures 
Thirteen young, near-emmetropic adult subjects aged between 18 and 30 years 
(mean ± SD, 26.46 ± 2.33) were recruited for the study. Twelve of the subjects were 
male. Using the standard deviation for the mean diurnal amplitude of change in 
axial length found in Experiment1 (SD = 0.01 mm), it was determined that a sample 
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of 13 participants would provide 80% power  to detect a minimum significant 
change of 11 μm in the mean diurnal amplitude in axial length, at an alpha level of  
0.05. This magnitude of change that this study was powered to detect is consistent 
with the mean change in axial length of 13 μm in response to 60 minutes of myopic 
defocus in human eyes recently reported by Read et al (2010d). Subjects were 
primarily recruited from the students and staff of our university. All participants 
were free of any ocular or systemic disease, and had no history of significant ocular 
trauma or surgery. None of the subjects were contact lens wearers. Before the 
study, each subject underwent an ophthalmic examination to ensure good ocular 
health, normal binocular vision and to determine their refractive status.  The mean 
spherical equivalent refraction (SER) for the subjects was -0.05 ± 0.12 DS (range, 
0.00 to -0.375 DS). No subject exhibited anisometropia greater than 0.50 DS or 
cylindrical refraction greater than 0.25 DC.  All the subjects had normal visual acuity 
of logMAR 0.00 or better.  Approval from the university human research ethics 
committee was obtained, and all subjects gave written informed consent (Appendix 
1). All subjects were treated in accordance with the Declaration of Helsinki.         
 
To investigate the effects of monocular defocus on ocular diurnal variations, 
measurements of axial length, choroidal thickness and IOP were collected over 
three consecutive days. On each day, 5 measurement sessions were carried out at 
2.5 to 3 hourly intervals, with the first measurement taken at approximately 9 am 
(~1–2 hours after subjects had awoken) and the final measurement at 
approximately 9 pm. The first day (baseline day, no defocus) examined the normal 
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diurnal variations in axial length and choroidal thickness with no defocus, day 2 
(defocus day) investigated the influence of monocular myopic defocus (+1.50 DS 
right eye) on these diurnal variations, and day 3 (recovery day, no defocus) 
examined the recovery from any defocus induced changes in the eye from the 
preceding day. The data collection was carried out between mid June and August 
(i.e. throughout the winter season). 
 
This condition of imposing monocular myopic defocus is analogous to presbyopes 
wearing a monovision correction in spectacles. Therefore, individual subject’s ocular 
dominance could potentially influence their fixation preference for distance and 
near visual tasks, which in turn could confound the magnitude and sign of defocus 
experienced by the subjects. Pilot studies conducted prior to the experiment, 
examining accommodation responses from either eye indicated that subject’s were 
most likely use their non-defocussed eye for fixation, irrespective of whether the 
defocus is introduced to the dominant or the non-dominant eye. Therefore, for 
consistency in this experiment, the right eye was chosen to introduce the 
monocular defocus, while the left eye continued to have no defocus.  
 
This measurement protocol was aimed to minimise the interruption to our subject’s 
normal daily activities, as well as capturing a large proportion of the previously 
documented 24 hour variations in axial length and other ocular biometric 
parameters (Read et al., 2008). This protocol also allowed subjects to maintain their 
natural sleep patterns over the three consecutive days of the experiment, which 
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minimised the possibility for the results to be confounded by changes in diurnal 
rhythms associated with disrupted sleep patterns that could potentially occur if a 24 
hour measurement protocol had been employed. Disruptions in the normal sleep 
patterns have been found to alter the normal biological (Zisapel, 2007) and ocular 
rhythms (Cajochen et al., 1999) in humans.    
 
To induce monocular defocus on day 2, following the first measurement session of 
the day, subjects wore spectacles that induced myopic defocus in their right eye 
only (+1.50 DS right eye, plano left eye) for the entire day. Pilot studies conducted 
prior to conducting this experiment indicated that monocular myopic defocus of 
this magnitude (+1.50 DS) induced measurable changes in the normal diurnal 
variations of axial length, and also did not result in significant asthenopic symptoms.  
To maintain consistency in the experimental conditions over the three testing days, 
on days 1 and 3, subjects wore plano spectacles (with zero dioptric power in both 
eyes). Measurements were collected on both eyes for all sessions on each 
measurement day. Each measurement session took approximately 10-15 minutes to 
complete, and subjects undertook their regular daily activities between the 
measurement sessions. Given that factors such as accommodation (Drexler et al., 
1998; Mallen et al, 2006), and exercise (Read and Collins, 2011) are known to cause 
short term changes in AL, prior to each measurement a period of 10 minutes of 
binocular distance viewing (sitting, watching television at a distance of 6 metres) 
was observed to minimize the influence of previous visual tasks on the 
measurements.   
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An optical low-coherence reflectometry (OLCR), non-contact optical biometer  
(Lenstar LS 900; Haag–Streit AG, Koeniz, Switzerland) was used to measure axial 
length (AL, the distance from the anterior corneal surface to the retinal pigment 
epithelium, RPE) and other ocular biometrics including central corneal thickness 
(CCT), anterior chamber depth (ACD), lens thickness (LT), and vitreous chamber 
depth (VCD). The biometric measurements from the Lenstar have been found to be 
highly repeatable, precise and comparable with other validated instruments such as 
IOL Master (Buckhurst et al., 2009; Holzer et al., 2009 and Cruysberg et al., 2010). 
Five measurements were obtained for each subject at each measurement session 
and were later averaged.   
 
The Copernicus SOCT HR spectral domain optical coherence tomographer (SD-OCT, 
Optopol Technology SA, Zawiercie, Poland) was used to provide measures of 
choroidal thickness. This SD-OCT device utilizes a super-luminescent diode light 
source with a peak wavelength of 850 nm (bandwidth 100nm) and a scanning speed 
of 52,000 A-scans/sec to provide high resolution cross sectional images of the 
posterior eye with an axial resolution of 3 µm, and a transverse resolution of 12-18 
µm. The lower resolution precursor (SOCT Copernicus, Benavente-Perez et al., 
2010) of this instrument, and other SD-OCT devices (Manjunath et al., 2010) have 
been found to provide reliable measurements of human choroidal thickness.  
Images were captured using the instrument’s animation scan mode, which allows 
multiple B-scans to be collected from the same retinal location.  At each 
measurement session, three 5 mm horizontal foveal line scans (each consisting of 
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50 B-scans, with 1500 A-scans per B-scan, with an acquisition time of 1.14 sec) were 
obtained. The capture of multiple B-scans from the same retinal location at each 
session allowed subsequent registration and averaging of the B-scans to be 
performed in order to reduce speckle noise and optimise the visibility of the choroid 
in each image (Alonso-Caneiro et al., 2011). According to the manufacturer’s 
instructions, only OCT scans with image quality index (QI) of >4 were included for 
further analysis (average QI was 5.73 ± 0.74).  
 
IOP was also measured at each measurement session using the Ocular Response 
Analyzer instrument (ORA; Reichert, Delpew NY). This is a non-contact tonometer 
that has been found to provide reliable measurements of IOP (Moreno-Montanes et 
al., 2008), that agree closely with Goldmann tonometry (Medeiros and Weinreb, 
2006; Lam et al., 2007). The IOP measurements were always performed after the 
ocular biometry and OCT measures.  The mean IOP was calculated from a total of 
four readings for each subject at each measurement session. Similar to the 
experiment described in Chapter 2, IOPcc (an estimate of IOP measure that takes 
corneal biomechanical factors into account) was used as the estimate of IOP in this 
study.  
 
In this protocol, the myopic defocus was introduced monocularly to the right eye on 
day 2, while the left eye continued to have no defocus. Therefore, if the left eye was 
used for fixation for both distance and near tasks, then the right eye will experience 
constant myopic defocus and the left eye no defocus. However, if the subjects used 
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their right eye for fixation during near tasks then the right eye would only 
experience myopic defocus during distance viewing, and the left eye would 
experience hyperopic defocus during near viewing. Therefore, to confirm the level 
of accommodation employed during near tasks for the monocular myopic defocus 
condition, objective measurements of ocular refraction were obtained three times 
on day 2 (at baseline with no defocus and at the third and final measurement 
session with monocular myopic defocus) in the left eye using the Canon R1 (Canon 
R1; Canon USA, Lake Success, NY) open field, infrared autorefractometer (Davis et 
al., 1992) for distance (6 m), intermediate (60 cm) and near (30 cm) fixation. The 
mean spherical equivalent refraction (SER) was calculated for each subject from a 
total of five readings at each session, and the change in SER was determined for the 
three measurement sessions.    
 
To examine subjective comfort and compliance with the defocusing spectacles, all 
the subjects were asked to report upon any removal of the spectacles, along with 
any asthenopic symptoms with the lenses at each measurement session on day 2. 
Only three subjects reported some minor asthenopic symptoms (mostly tired eyes) 
whilst wearing the monocular myopic defocus, and no participants reported that 
they had removed the spectacles during the study.  
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4.2.2 Data analysis  
Following data collection, the OCT data was exported from the instrument for 
further analysis using custom written software (Alonso-Caneiro et al., 2011). 
Initially, the software registered and aligned each of the 50 individual B-scans in 
order to calculate an average B-scan image for each measurement session. Each of 
the three averaged images from each subject at each session were then analysed by 
an experienced observer who was masked to the time of day and the day of 
measurement for all of the scans, to manually segment the outer boundary of the 
retinal pigment epithelium and the inner boundary of the choroidal/scleral interface 
(Figure 4.1). Choroidal thickness (the distance from the RPE to the choroidal/scleral 
interface) in a range of different zones was then calculated based upon the manual 
segmentation of each average B-scan, including the subfoveal choroidal thickness, 
and the parafoveal choroidal thickness (for both nasal and temporal regions, within 
a series of 0.5 mm width zones located at 0.5, 1.0 and 1.5 mm from foveal centre).  
 
The average of all biometric and IOP parameters for each subject at each 
measurement session was then calculated. The right and the left eye data were 
analysed separately, in order to examine the influence of defocus on the right eye 
and any crossover effects in the non-defocused left eye.  The mean amplitude of 
change (the difference between the maximum and minimum) was calculated for 
each variable for each measurement day. The Kolmogorov-Smirnov test revealed 
that data from all the biometric variables and IOP did not depart significantly from a 
normally distributed sample (p>0.05). For axial length (and the anterior eye 
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biometric variables), sub-foveal choroidal thickness and IOP, a repeated measures 
analysis of variance (ANOVA) with two within-subjects factors (time of day and day 
of measurement) was carried out to investigate the diurnal variations and the 
influence of defocus on each of the ocular parameters.    
 
Figure 4.1: Example of an averaged B-scan image from one session following registration 
and alignment of each of the 50 individual B-scans, illustrating choroidal thickness (the 
distance from the outer boundary of the RPE to the inner boundary of the choroidal/scleral 
interface) measurements in a range of different zones based upon the manual 
segmentation of each average B-Scan. This includes the subfoveal CT (        ), and the 
parafoveal CT (3 mm diameter) for both nasal and temporal regions, within a series of 0.5 
mm width zones located at 0.5 (        ), 1.0 (        ) and 1.5 (       ) mm from the foveal centre.  
 
For the parafoveal choroidal thickness data, two additional within-subjects factors 
(parafoveal eccentricity [0.5 mm, 1.0 mm and 1.5 mm from foveal centre] and 
region [nasal or temporal]) were included in the repeated measures ANOVA. For 
autorefraction data, one additional within-subjects factors (fixation distance 
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[distance, intermediate and near] was included in the repeated measures ANOVA. 
Pairwise comparisons with Bonferroni correction were performed for any variables 
with significant main effects and interactions. The Greenhouse-Geisser adjustment 
was used to correct for departures from the assumption of sphericity of the 
repeated measures ANOVA. Pairwise comparisons with Bonferroni correction were 
performed for any variables with significant main effects and interactions. To 
investigate any significant associations between the diurnal variations in axial 
length, choroidal thickness and IOP an analysis of covariance (ANCOVA) was carried 
out for the analysis of repeated measures (Bland and Altman, 1995). To provide an 
assessment of the within-session variability for each of the measured parameters 
on each measurement day, the average within-session range and within session 
standard deviation (Bland and Altman, 1999), intraclass coefficient (ICC), and the 
mean coefficient of variation (the within-subject standard deviation divided by the 
mean, expressed as a percentage) for each measured variables (derived from all 
sessions for all subjects) were calculated.    
 
To fit a mathematical model to our data, and to illustrate the average amplitude 
and timing of the diurnal variations in axial length and subfoveal choroidal 
thickness, a least squares sine curve fitting (assuming a fixed period of 24 hours) 
was applied to the pooled data for all subjects at all measurement sessions for each 
day using methods described in Chapter 2. This fitting determined the group mean 
amplitude (peak to trough difference) of change, acrophase (i.e., the peak timing of 
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the measured parameters), as well as the 95% confidence interval (CI) and root 
mean square (RMS) fit error of these parameters for each measurement day.  
 
The following sine curve equation was used to fit the diurnal data.  
 
In the above equation, a is the amplitude (peak-trough difference) and c is the time 
phase, and the fitted curve had a fixed period of 24 hours. 
 
4.3 Results  
4.3.1 Within-session repeatability 
The mean within-session range and standard deviation, intraclass coefficient (ICC), 
and the mean coefficient of variation for the repeated measures taken at each 
session over the three days of the study for each of the ocular variables are shown 
in Table 4.1. The within-session variability was small for ocular biometric 
parameters (within-session standard deviation ranges, 0.003 – 0.029 mm), IOP 
(within-session variability, 1.23 mm Hg) and choroidal thickness (within-session 
variability ranges, 0.007 to 0.009 mm for subfoveal and parafoveal choroidal 
thickness).   All variables exhibited ICC values of 0.8 or greater. 
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 Table 4.1: Overview of the mean within-session range and standard deviation, intraclass correlation coefficient (ICC)and the mean coefficient of variation 
for the repeated measures collected at each measurement session over the three measurement days in the right (the eye that was exposed to defocus on 
the second measurement day) and left (the eye that was not exposed to defocus) eyes for each of the measured ocular variables including, CCT, ACD, LT 
(n=10), VCD (n=10), AL, IOP, subfoveal CT and parafoveal CT (for 0.5 mm width zones, located 0.5, 1 and 1.5 mm from foveal centre, averaged across the 
nasal and temporal regions.  
 
Measured  Variables 
 
Right Eye (Defocused eye) Left Eye (Fellow eye-no defocus) 
Variables 
Within-session 
standard 
deviation 
Within-
session range 
ICC 
Mean 
coefficient of 
variation 
Within-session  
standard 
deviation 
Within-
session range 
ICC 
Mean 
coefficient of 
variation 
CCT (mm) 0.003 0.005 0.985 0.41% 0.003 0.006 0.977 0.45% 
ACD (mm) 0.020 0.040 0.993 0.59% 0.019 0.038 0.992 0.54% 
LT (mm) 0.029 0.057 0.957 0.67% 0.023 0.046 0.980 0.52% 
VCD (mm) 0.020 0.055 0.986 0.11% 0.020 0.056 0.984 0.12% 
AL (mm) 0.008 0.016 0.999 0.03% 0.009 0.017 0.999 0.03% 
Subfoveal CT (mm) 0.007 0.012 0.972 1.80% 0.007 0.011 0.965 1.67% 
Parafoveal CT  (mm) 
(0.5 mm from foveal centre)  
0.008 0.012 0.970 1.93% 0.008 0.012 0.953 1.86% 
Parafoveal CT (mm) 
(1 mm from foveal centre)  
0.008 0.014 0.962 2.23% 0.008 0.014 0.948 2.25% 
Parafoveal CT (mm) 
(1.5 mm from foveal centre)  
0.009 0.015 0.953 2.72% 0.010 0.016 0.941 2.78% 
IOP (mm Hg) 1.23 2.48 0.890 7.92% 1.14 2.31 0.887 7.39% 
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4.3.2 Axial length   
The mean magnitude and pattern of daily variations in axial length over each of the 
three days in the right and left eyes are illustrated in Table 4.2 and Figure 4.2. For the 
right eye (that was exposed to myopic defocus on day 2), axial length underwent 
significant variation over the course of the day (within subjects effect of time 
p<0.0001), and the magnitude and timing of these daily changes in axial length were 
significantly altered with the introduction of myopic defocus on day 2 (day by time 
interaction, p<0.0001). On day 2 (with +1.50 DS monocular defocus) on average the 
longest axial length was observed approximately 6 hours later in the day (mean peak 
time 18:23) compared to days 1 and 3 with no defocus (mean peak time of 12:27 and 
12:20 on days 1 and 3 respectively). The mean amplitude (peak to trough) of change in 
axial length was also significantly different between days (mean amplitude 0.030 ± 
0.012, 0.020 ± 0.010 and 0.033 ± 0.012 mm for days 1, 2 and 3 respectively, p=0.01). 
Pairwise comparisons revealed that on day 2 (with defocus), significant differences 
(p<0.05) in the changes in axial length occurred at the second, fourth and final 
measurement sessions compared to days 1 and 3 (with no defocus). No significant 
differences were observed in any of the axial length measures between days 1 and 3 
with no defocus (p>0.05, for all pairwise comparisons). There were also no significant 
differences (p>0.05) between the axial length measures at baseline (i.e. first 
measurement on each day) on any of the days. Repeated measures ANOVA also 
revealed a significant effect of measurement day for axial length, as the mean axial 
length on day 2 was 0.006 ± 0.001 mm longer than the mean axial length on days 1 and 
3 (p=0.01, Table 4.2).   
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For the left eye (that was not exposed to defocus), significant daily variations 
(p<0.0001) in axial length were also observed across the three days. However, there 
was no significant difference in the magnitude or timing of daily variations in axial 
length over the three days (p>0.05, day by time interaction), indicating no significant 
effect of defocus transferring to the fellow (left) eye. The baseline axial length 
measurements were also not significantly different between the right and left eyes on 
any of the three measurement days (p=0.24).  
 
4.3.3 Subfoveal choroidal thickness  
Subfoveal choroidal thickness underwent significant variation over the course of the 
day (p<0.05, repeated-measures ANOVA) on each of the three measurement days in 
both right and left eyes (Table 4.2, Figure 4.3). For the right eye, the introduction of 
defocus on day 2, led to significant changes in the pattern of daily variations in 
choroidal thickness compared to the other two days (p<0.01, day by time interaction).  
On day 2 (with monocular defocus), the timing of the occurrence of the thickest 
choroid occurred approximately 8.5 hours earlier in the day (mean timing of thickest 
choroid 12:25) compared to the baseline (day 1) and recovery (day 3) days with no 
defocus (mean time 20:59 on days 1 and 3).  The mean amplitude (peak to trough) of 
change in choroidal thickness was also significantly different between days (mean 
amplitude 0.030 ± 0.007, 0.022 ± 0.006 and 0.027 ± 0.009 mm for days 1, 2 and 3 
respectively, p=0.03).   
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 Figure 4.2: Mean change in AL for each of the three measurement days (5 sessions each on 
day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the right (the eye 
that was exposed to defocus on the second measurement day, top) and left (the eye that was 
not exposed to defocus, bottom) eyes. In order to highlight the diurnal variations, all values 
are expressed as the difference from the mean of 15 sessions across the three measurement 
days (i.e. all values are normalized to the mean).  Repeated measures ANOVA revealed 
significant diurnal variations (p<0.0001), and significant time-day interaction (p<0.0001) in AL. 
Vertical error bars are standard error of the mean (SEM). Horizontal error bars are standars 
error in the mean time that the measurement was taken at each session (in hours).  
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Table 4.2: Summary of group means and amplitude of change in AL , subfoveal CT  and IOP  for each of the three measurement days (day 1 the baseline day, 
day 2 the defocus day and day 3 the recovery day) in the right (the eye that was exposed to defocus on the second measurement day) and left (the eye that 
was not exposed to defocus) eyes, and p values from repeated measures ANOVA investigating the within-subjects effects of time and day and the day by 
time interaction. Significant p values (p<0.05) are highlighted in bold.  
  
Eye 
 
Variable 
 
Measurement 
day 
Group mean ± 
SD 
Mean amplitude of 
change ± SD 
p values from repeated measures ANOVA 
 
(Day) 
 
 
(Time) 
 
(Day by time) 
Right Eye 
(Defocussed Eye) 
AL 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
23.48 ± 0.50 
23.49 ± 0.50 
23.48 ± 0.50 
0.030 ± 0.012 
0.020 ±0.010 
0.033 ± 0.012 
 
0.013 
 
<0.0001 <0.0001 
Subfoveal CT 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.348 ± 0.037 
0.342 ± 0.041 
0.349 ± 0.037 
0.030 ± 0.007 
0.022 ± 0.006 
0.027 ± 0.009 
 
0.056 
 
0.036 <0.01 
IOP 
(mm Hg) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
15.08 ± 2.97 
14.68 ± 3.21 
14.77 ± 3.28 
5.29 ± 2.20 
4.09 ± 1.55 
4.79 ± 1.73 
0.378 <0.0001 0.114 
Left Eye 
(Fellow Eye-No 
Defocus) 
AL 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
23.48 ± 0.52 
23.48 ± 0.52 
23.48 ± 0.52 
0.031 ± 0.012 
0.024 ±0.009 
0.032 ± 0.013 
 
0.178 
 
<0.0001 0.317 
Subfoveal CT 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.357 ± 0.035 
0.356 ± 0.038 
0.357± 0.036 
0.028 ± 0.007 
0.026 ± 0.006 
0.028 ± 0.008 
 
0.867 
 
<0.0001 0.801 
IOP 
(mm Hg) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
14.74 ± 2.90 
14.14 ± 2.80 
14.37 ± 2.82 
4.75 ± 2.50 
3.79 ± 1.08 
4.87 ± 1.93 
0.282 <0.0001 0.086 
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The choroidal thickness changes observed on day 2 with defocus, at both the fourth 
and final measurement sessions were significantly different to the changes 
observed on days 1 and 3 with no defocus (pairwise comparisons, p<0.05).  
Additionally, the daily variations in choroidal thickness on days 1 and 3 were not 
significantly different, and no significant differences were observed between the 
baseline choroidal thickness (at session 1) on either of the three days (p>0.05, 
pairwise comparisons).  
 
For the left eye, that was not exposed to defocus, significant daily variations of 
choroidal thickness were also observed, with the thickest choroid typically observed 
at the final measurement session on all three days  (p<0.0001). However, there was 
no evidence of a statistically significant change in the daily variations in choroidal 
thickness in the left eye, associated with the defocus introduced to the right eye on 
day 2 (day by time interaction, p=0.80). The baseline choroidal thickness 
measurements were not significantly different between eyes on any of the three 
days (p=0.31).     
 
Analysis of covariance revealed a significant negative association between the 
changes in axial length and choroidal thickness over the three testing days in both 
the defocused right eye (slope = -0.356; r² = 0.11, p<0.0001) as well as the 
contralateral left eye with no defocus (slope = -0.414; r² = 0.13, p<0.0001).  
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Figure 4.3: Mean change in subfoveal CT for each of the three measurement days (5 
sessions each on day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) 
in the right (the eye that was exposed to defocus on the second measurement day, top) 
and left (the eye that was not exposed to defocus, bottom) eyes. In order to highlight the 
diurnal variations, all values are expressed as the difference from the mean of 15 sessions 
across the three measurement days (i.e. all values are normalized to the mean). Repeated 
measures ANOVA revealed significant diurnal variations (p=0.036), and significant time-day 
interaction (p<0.005) in subfoveal CT. Vertical error bars are standard error of the mean 
(SEM). Horizontal error bars are standars error in the mean time that the measurement was 
taken at each session (in hours).     
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4.3.4 Parafoveal choroidal thickness 
Table 4.3 displays the mean choroidal thickness and amplitude of daily change in 
the parafoveal choroid, for both nasal and temporal regions in 0.5 mm width zones 
located 0.5, 1 and 1.5 mm from the foveal centre. Choroidal thickness exhibited a 
significant variation with peripheral eccentricity (p<0.0001), being significantly 
thinner in the more peripheral locations, however there was no significant 
difference between the nasal and temporal regions (p>0.05). Figure 4.4 illustrates 
the mean daily variations in choroidal thickness observed in the different parafoveal 
eccentricities (averaged across the nasal and temporal regions) over the three days 
of testing.  Significant daily changes were also observed in the parafoveal choroidal 
thickness for both the right and left eyes (p<0.0001, within subjects effect of time). 
Similar to the subfoveal choroidal thickness results, for the right eye (that was 
exposed to defocus), the pattern of daily variations in the parafoveal choroid with 
defocus (day 2) were significantly different to the variations observed on days 1 and 
3 with no defocus (p=0.01, day by time interaction). Repeated-measures ANOVA 
revealed no significant region (nasal versus temporal region) by day by time 
(p=0.22) or eccentricity (0.5 mm, 1.0 mm or 1.5 mm from foveal centre) by day by 
time (p=0.58) interaction, indicating a similar magnitude and pattern of daily 
variation  between the different parafoveal zones across the days. Parafoveal 
choroidal thickness in the fellow (left) eye also exhibited significant daily variations 
(p<0.0001, time), however no significant effects of defocus were evident (p=0.46, 
day by time interaction).    
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Table 4.3: Summary of group means and amplitude of change in parafoveal CT for each of the three measurement days (day 1 the baseline day, day 2 the 
defocus day and day 3 the recovery day) for both nasal and temporal regions, within a series of 0.5 mm width zones located at 0.5, 1.0 and 1.5 mm from 
foveal centre in the right (the eye that was exposed to defocus on the second measurement day) and left (the eye that was not exposed to defocus) eyes. 
Repeated measures ANOVA revealed a significant effect of time and eccentricity (p<0.0001) for both right and left eye, and a significant day by time 
interaction (p=0.012) for the right eye only.    
                                    Measured  Variables 
 
Right Eye (Defocussed eye) Left Eye (Fellow eye – no defocus) 
 
Regions of choroid 
 
Eccentricity  from 
fovea (mm) 
Days Group mean ± SD 
Mean amplitude of 
change ± SD 
Group mean ± SD 
Mean amplitude of 
change ± SD 
Temporal 
(mm) 
0.5 
 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.342 ± 0.038 
0.337 ± 0.042 
0.343 ± 0.037 
0.030 ± 0.007 
0.025 ± 0.008 
0.026 ± 0.011 
0.352 ± 0.038 
0.351 ± 0.040 
0.352 ± 0.039 
0.027 ± 0.006 
0.027 ± 0.006 
0.026 ± 0.008 
1 
 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.327 ± 0.039 
0.322 ± 0.042 
0.327 ± 0.038 
0.028 ± 0.009 
0.024 ± 0.007 
0.025 ± 0.010 
0.336 ± 0.041 
0.335 ± 0.043 
0.335 ± 0.041 
0.027 ± 0.007 
0.027 ± 0.006 
0.023 ± 0.008 
1.5 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.303 ± 0.041 
0.300 ± 0.042 
0.301 ± 0.040 
0.024 ± 0.008 
0.021 ± 0.008 
0.023 ± 0.010 
0.309 ± 0.046 
0.308 ± 0.049 
0.306 ± 0.046 
0.028 ± 0.009 
0.028 ± 0.007 
0.022 ± 0.008 
Nasal 
(mm) 
0.5 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.344 ± 0.037 
0.338 ± 0.041 
0.344 ± 0.037 
0.028 ± 0.009 
0.024 ± 0.014 
0.024 ± 0.009 
0.352 ± 0.032 
0.350 ± 0.034 
0.351 ± 0.031 
0.028 ± 0.008 
0.025 ± 0.006 
0.028 ± 0.009 
1 
 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.330 ± 0.037 
0.325 ± 0.039 
0.329 ± 0.035 
0.024 ± 0.010 
0.024 ± 0.015 
0.024 ± 0.008 
0.334 ± 0.029 
0.333 ± 0.032 
0.332 ± 0.028 
0.027 ± 0.008 
0.024 ± 0.006 
0.026 ± 0.010 
1.5 
 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.306 ± 0.038 
0.301 ± 0.038 
0.305 ± 0.033 
0.021 ± 0.010 
0.025 ± 0.012 
0.024 ± 0.007 
0.304 ± 0.030 
0.303 ± 0.032 
0.301 ± 0.029 
0.023 ± 0.008 
0.023 ± 0.007 
0.022 ± 0.010 
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Figure 4.4: Mean change in parafoveal CT (for 0.5 mm width zones located 0.5, 1 and 1.5 
mm from foveal centre, averaged across the nasal and temporal regions) for each of the 
three measurement days (5 sessions each on day 1 the baseline day, day 2 the defocus day 
and day 3 the recovery day) in the right (the eye that was exposed to defocus on the 
second measurement day, top) and left (the eye that was not exposed to defocus, bottom) 
eyes. In order to highlight the diurnal variations, all values are expressed as the difference 
from the mean of 15 sessions across the three measurement days (i.e. all values are 
normalized to the mean). Repeated measures ANOVA revealed a significant effect of time 
and eccentricity (p<0.0001) for both the right and left eye, and a significant day by time 
interaction (p=0.012) for the right eye only in parafoveal CT. Vertical error bars are 
standard error of the mean (SEM). Horizontal error bars are standars error in the mean 
time that the measurement was taken at each session (in hours).      
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4.3.5 Other ocular biometrics   
Repeated-measures ANOVA revealed that a range of the other measured ocular 
biometric parameters (CCT, ACD, VCD) also underwent significant diurnal variations 
(p<0.05, within-subject effects of time, Table 4.4) in both right and left eyes on each 
of the three days of measurement. However, there was no evidence of significant 
change in these diurnal rhythms associated with the introduction of defocus on day 
2 (p>0.05, day by time interaction) in both eyes.  
 
CCT underwent significant diurnal variation on each measurement day (p<0.05) 
(Figure 4.5). For the right eye, the mean amplitude (peak to trough) of change in 
CCT for days 1 (0.007 ± 0.005 mm), 2 (0.009 ± 0.004 mm), and 3 (0.007 ± 0.003 mm) 
were not significantly different (p=0.177). The cornea was typically found to be 
thicker in the morning (session 1) and underwent gradual thinning throughout the 
day, with the minimum corneal thickness typically observed at the measurement 
sessions toward the end of the day on each of the three days.  Significant diurnal 
variations were also observed in ACD (p<0.05) (Figure 4.6). ACD was typically 
shallowest in the morning and deepest towards the end of the day, with a mean 
amplitude of change of 0.051 ± 0.035 mm (p<0.05).  
 
No significant daily variations were observed in LT (p=0.59) (assessed in 10 subjects, 
because of a poor signal from the posterior lens surface in the A-scan data for the 
other 3 subjects) on any of the three days of measurement. Significant diurnal 
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variations (p<0.001) in VCD were observed in the 10 subjects with available LT data 
(Figure 4.7), with the maximum VCD typically observed during the day at the second 
measurement session (mean time, 12:24), and the shortest during the night at the 
final session (meantime, 20:58) on each measurement day. Although, Figure 4.7 
suggests that there may be a difference in the amplitude of diurnal rhythm in VCD 
associated with defocus, these changes did not reach statistical significance (day by 
time interaction, p=0.119). This could be because of the smaller number of subjects 
(10 subjects) available for VCD analysis. The mean amplitude of change in VCD for 
days 1 (0.075 ± 0.037 mm), 2 (0.044 ± 0.021 mm), and 3 (0.067 ± 0.020 mm) were 
not significantly different between days (p=0.062).  
 
Repeated-measures ANCOVA revealed a significant positive association between 
the changes in VCD and axial length over the three testing days in both the right 
(slope = 0.241; r² = 0.30, p<0.0001) and left (slope = 0.351; r² = 0.49, p<0.0001) 
eyes. No significant association (p>0.05) was observed between the changes in VCD 
and choroidal thickness over the three measurement days in either eye (r² = 0.003 
and 0.035 for the right and left eyes respectively).       
 
Significant diurnal variations (p<0.05) were also observed in the fellow eye for CCT, 
ACD and VCD. However, for each of these ocular parameters, the fellow eye 
exhibited no significant effect (p>0.05, day by time interaction) of monocular 
defocus on the diurnal variations.      
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 Table 4.4: Summary of group means and amplitude of change in (CCT, ACD, LT (n=10) and VCD(n=10)) for each of the three measurement days (day 1 the 
baseline day, day 2 the defocus day and day 3 the recovery day) in the right (the eye that was exposed to defocus on the second measurement day) and left 
(the eye that was not exposed to defocus) eyes, and p values from repeated measures ANOVA investigating the within-subjects effects of time and day and 
the day by time interaction. Significant p values (p<0.05) are highlighted in bold.   
Eye 
 
Variable 
 
Measurement day 
Group mean ± 
SD 
Mean amplitude 
of change ± SD 
p value 
(Day) 
p value 
(Time) 
p value 
(Day by time) 
Right Eye 
(Defocussed Eye) 
CCT 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.528 ± 0.025 
0.527 ± 0.025 
0.528 ± 0.025 
0.007 ± 0.005 
0.009 ±0.004 
0.007 ± 0.003 
0.346 0.004 0.092 
ACD 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
2.88 ± 0.23 
2.89 ± 0.23 
2.89 ± 0.22 
0.050 ± 0.046 
0.049 ± 0.033 
0.055 ± 0.027 
0.438 <0.01 0.435 
LT 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
3.66 ± 0.15 
3.66 ± 0.15 
3.65 ± 0.15 
0.052 ± 0.038 
0.044 ± 0.019 
0.054 ± 0.026 
0.707 0.591 0.350 
VCD 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
16.30 ± 0.58 
16.30 ± 0.58 
16.30 ± 0.57 
0.050 ± 0.046 
0.049 ± 0.033 
0.055 ± 0.027 
0.475 <0.001 0.119 
Left Eye 
(Fellow Eye-No 
Defocus) 
CCT 
(mm) 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
0.529 ± 0.022 
0.528 ± 0.022 
0.529 ± 0.022 
0.010 ± 0.006 
0.007 ±0.005 
0.008 ± 0.004 
0.829 0.042 0.310 
ACD 
(mm) 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
2.88 ± 0.24 
2.89 ± 0.24 
2.89 ± 0.23 
0.050 ± 0.047 
0.048 ± 0.032 
0.052 ± 0.023 
0.178 <0.01 0.421 
LT 
(mm) 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
3.65 ± 0.15 
3.64 ± 0.15 
3.65 ± 0.16 
0.044 ± 0.047 
0.045 ± 0.039 
0.035 ± 0.016 
0.215 0.154 0.337 
VCD 
(mm) 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
16.30 ± 0.63 
16.31 ± 0.63 
16.31 ± 0.63 
0.059 ± 0.023 
0.070 ± 0.023 
0.055 ± 0.014 
0.673 <0.001 0.189 
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Figure 4.5: Mean change in CCT for each of the three measurement days (5 sessions each 
on day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the right 
(the eye that was exposed to defocus on the second measurement day, top) and left (the 
eye that was not exposed to defocus, bottom) eyes. In order to highlight the diurnal 
variations, all values are expressed as the difference from the mean of 15 sessions across 
the three measurement days (i.e. all values are normalized to the mean). Repeated 
measures ANOVA revealed significant diurnal variations (p=0.004) in CCT. Vertical error 
bars are standard error of the mean (SEM). Horizontal error bars are standars error in the 
mean time that the measurement was taken at each session (in hours). 
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Figure 4.6: Mean change in ACD for each of the three measurement days (5 sessions each 
on day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the right 
(the eye that was exposed to defocus on the second measurement day, top) and left (the 
eye that was not exposed to defocus, bottom) eyes. In order to highlight the diurnal 
variations, all values are expressed as the difference from the mean of 15 sessions across 
the three measurement days (i.e. all values are normalized to the mean). Repeated 
measures ANOVA revealed significant diurnal variations (p<0.01) in ACD. Vertical error bars 
are standard error of the mean (SEM). Horizontal error bars are standars error in the mean 
time that the measurement was taken at each session (in hours).     
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Figure 4.7: Mean change in VCD (n=10) for each of the three measurement days (5 sessions 
each on day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the 
right (the eye that was exposed to defocus on the second measurement day, top) and left 
(the eye that was not exposed to defocus, bottom) eyes. In order to highlight the diurnal 
variations, all values are expressed as the difference from the mean of 15 sessions across 
the three measurement days (i.e. all values are normalized to the mean). Repeated 
measures ANOVA revealed significant diurnal variations (p<0.001) in VCD. Vertical error 
bars are standard error of the mean (SEM). Horizontal error bars are standars error in the 
mean time that the measurement was taken at each session (in hours).     
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4.3.6 Intraocular pressure  
Significant diurnal variations were found in IOP on each of the three measurement 
days in both right and left eyes (p<0.0001, repeated-measures ANOVA) (Table 4.2). 
The maximum IOP was typically observed at measurement session 1 (mean time, 
09:21), and IOP then gradually decreased throughout the day, with the minimum 
IOP typically observed at the final measurement session (mean time, 20:58) on each 
measurement day (Figure 4.8). There was no evidence of significant alteration in 
these IOP rhythms associated with defocus on the second measurement day 
(p>0.05, day by time interaction) in both right and left eyes. For the right eye, the 
mean amplitude of change in IOP on days 1 (5.29 ± 2.20 mm Hg), 2 (4.09 ± 1.55 mm 
Hg) and 3 (4.79 ± 1.73 mm Hg) were not significantly different to one another 
(p=0.22).     
 
Analysis of covariance for repeated-measures revealed a significant positive 
association between the changes in axial length and IOP over the three 
measurement days in both the “defocussed” right eye (slope = 0.0023; r² = 0.13, 
p<0.0001) as well as the fellow left eye with no defocus (slope = 0.0021; r² = 0.11, 
p<0.0001). ANCOVA also revealed a significant negative association between the 
changes in IOP and choroidal thickness in both the right (slope = -0.0013; r² = 0.05, 
p<0.05) and left (slope = -0.0018; r² = 0.12, p<0.0001) eyes.  
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Figure 4.8: Mean change in IOP for each of the three measurement days (5 sessions each on 
day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the right (the 
eye that was exposed to defocus on the second measurement day, top) and left (the eye 
that was not exposed to defocus, bottom) eyes. In order to highlight the diurnal variations, 
all values are expressed as the difference from the mean of 15 sessions across the three 
measurement days (i.e. all values are normalized to the mean). Repeated measures ANOVA 
revealed significant diurnal variations (p<0.0001) in IOP. Vertical error bars are standard 
error of the mean (SEM). Horizontal error bars are standars error in the mean time that the 
measurement was taken at each session (in hours).     
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4.3.7 Sine curve modelling  
Table 4.5 presents the mean amplitude (peak-trough difference), acrophase (peak 
timing of rhythm), and 95% CI derived from the sine curve modelling for the 
changes in axial length and choroidal thickness for each of the three measurement 
days. This analysis illustrates a reduction in the average amplitude, and phase shifts 
in the axial length and choroidal diurnal rhythms in the right eye, associated with 
the defocus on day 2 (Figure 4.9).  Compared to the baseline and recovery days 
(which exhibited similar amplitude and phase characteristics), a phase shift of 
approximately 06:58 and 11:44 (h:min) was observed in the axial length and 
choroidal thickness data respectively on day 2 with myopic defocus. The amplitude 
and phase of both rhythms were similar across all three days for the left eye data 
with no defocus.  It is evident from the sine curve modelling that the diurnal 
variations in axial length and choroidal thickness are approximately antiphase to 
each other on days 1 and 3, as the difference in the mean acrophase of axial length 
and choroidal thickness was 10:48 and 10:09 (h:min) respectively. The antiphase 
relationship between axial length and choroidal thickness appears to be somewhat 
disrupted on day 2 with defocus, with a phase difference of ~ 8 hours between the 
two variables.   
 
 
 
 
  
165 
 
 
 
Figure 4.9: Sine curve modelling of the mean changes in axial length (AL, top), and  
choroidal thickness (CT, bottom) for measurement days 1 (baseline day), 2 (defocus day) 
and 3 (recovery day) in the right eye (that was exposed to defocus on the second 
measurement day).  Note the solid lines indicate the best fitting sine curve to the pooled 
data and the symbols illustrate the group mean change of each parameter at each 
measurement time (normalized to the mean).  Y axis scale indicates the normalised change 
in ocular biometric parameters (AL or CT), and X axis scale indicates measaurement session 
timings at each session (in hours). Error bars represent the standard error of the mean.         
Axial length (right eye) 
Subfoveal choroidal thickness (right eye) 
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Table 4.5: Summary of amplitude, acrophase and the root mean square (RMS) fit error from the sine curve modelling to the pooled data (normalized to the 
mean) for each of the three measurement days (day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the right (the eye that was 
exposed to defocus on the second measurement day) and left (the eye that was not exposed to defocus) eyes for the changes AL and CT.   
      
Measured  Variables 
 
Right Eye (Defocussed eye) 
 
Left Eye (Fellow eye – no defocus) 
Variables Days 
Mean Amplitude               
(Peak – Trough 
Difference) 
(95% confidence 
bounds) 
Mean Acrophase 
(Peak Time) (h:min) 
(95% confidence 
bounds) 
RMS 
Fit Error 
Mean Amplitude               
(Peak – Trough 
Difference) 
(95% confidence 
bounds) 
Mean Acrophase 
(Peak Time) (h:min) 
(95% confidence 
bounds) 
RMS 
Fit Error 
 
 
 
AL (mm) 
 
 
 
 
 
 
CT (mm) 
 
Day 1 (baseline) 
 
0.019 (0.013 – 0.026) 
 
12:02 (10:45 - 13:20) 
 
0.009 
 
0.020 (0.014 – 0.026) 
 
11:21 (10:05 - 12:37) 
 
0.009 
 
Day 2 (defocus) 
 
0.006 (0.001 – 0.011) 
 
18:41 (14:53 - 22:28) 
 
0.008 
 
0.013 (0.007 – 0.019) 
 
11:41 (09:57 - 13:26) 
 
0.008 
 
Day 3 (recovery) 
 
0.021 (0.015 – 0.028) 
 
11:24 (10:11 - 12:28) 
 
0.009 
 
0.021 (0.014 – 0.027) 
 
11:40 (10:24 - 12:56) 
 
0.009 
 
Day 1 (baseline) 
 
0.019 (0.014 – 0.025) 
 
22:50 (21:36 - 24:04) 
 
0.008 
 
0.019 (0.014 – 0.024) 
 
22:08 (21:02 - 23:15) 
 
0.007 
 
Day 2 (defocus) 
 
0.007 (0.001 – 0.012) 
 
10:27 (07:17 - 14:25) 
 
0.008 
 
0.013 (0.007 – 0.018) 
 
22:01 (19:57 - 23:58) 
 
0.008 
 
Day 3 (recovery) 
 
0.012 (0.006 – 0.018) 
 
21:33 (18:39 - 23:27) 
 
0.009 
 
0.015 (0.009 – 0.021) 
 
21:47 (19:41 - 23:10) 
 
0.009 
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4.3.8 Autorefraction  
Analysis of the autorefraction data collected on the left eye (with no defocus) 
during binocular fixation of distance, near and intermediate targets, revealed only 
very small, statistically insignificant (p>0.05, fixation-time interaction, repeated-
measures ANOVA) changes in the SER of the left eye associated with monocular 
defocus of the right eye on day 2. The mean change in SER compared to baseline 
(no defocus) was typically ≤ 0.1 D (p>0.05), indicating that the accommodative 
behaviour of the subjects with monocular myopic defocus in place did not change 
significantly compared to the no defocus condition. The average objective 
refraction measures for the intermediate and near fixation (-1.10 ± 0.26 D and -2.63 
± 0.34 D respectively) were found to be consistent with a small lag of 
accommodation for both intermediate (0.57 ± 0.26 D) and near distances (0.64 ± 
0.48 D). This small lag of accommodation would lead to small differences in the 
magnitude of defocus experienced during near tasks compared to distance tasks. 
However, the defocussed eye would still experience a substantial magnitude of 
myopic defocus at all distances on the defocus day (since the magnitude of 
accommodative lag was much smaller than the imposed defocus). On the whole, 
the subjects appear to have continued focusing with the left (no defocus) eye while 
the right eye was subjected to the intended continuous myopic defocus.      
 
4.4 Discussion 
This study demonstrates that exposing young adult human eyes to monocular 
myopic defocus leads to a significant disruption (in terms of both amplitude and 
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phase) in the normal diurnal rhythms of axial length and choroidal thickness. 
Following the introduction of defocus, a significant reduction in the mean amplitude 
of diurnal change, and phase shifts in the diurnal rhythms of axial length and 
choroidal thickness were observed. Although this is the first study to examine the 
influence of optical defocus upon diurnal rhythms in human eyes, our results are 
consistent with the general findings of reports in other animals (Papastergiou et al., 
1998; Nickla et al., 1998a; Nickla, 2006) where diurnal fluctuations in axial length 
and choroidal thickness were also found to be disrupted by optical defocus.       
 
It is well known from work in a variety of animal models (Graham and Judge, 1999; 
Hung et al., 1995; Hung et al., 2000; Irving et al., 1992; Nathan et al., 1984; Ni et al., 
1989; Nickla et al., 1997; Schaeffel et al., 1988; Smith III and Hung, 1999; Wallman 
et al., 1995; Wildsoet and Wallman, 1995) that eye growth and choroidal thickness 
can be influenced by optical defocus. Our results add to the evidence that optical 
defocus can also influence axial length and choroidal thickness in human eyes. 
Recent research in young adult humans found that 60 minutes of exposure to 3 
dioptres of monocular defocus resulted in small but significant axial length changes 
(Read et al., 2010). The results from this study demonstrate that the human eye is 
also sensitive to longer periods of exposure to smaller magnitudes of monocular 
defocus (+1.5 D).   
 
After ~3 hours of exposure to +1.5 D monocular myopic defocus, the axial length 
was ~14 µm shorter compared to the axial length on the two ‘no defocus’ days at 
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the same measurement session.  These reductions in axial length in response to 
myopic defocus are consistent with the visual system altering axial length to move 
the retina in the direction of the defocused image plane. Whilst axial length was 
relatively shorter after 3 hours of exposure to myopic defocus, the eye did not 
continue to become increasingly shorter over the rest of the day while exposed to 
the defocus.  Instead, a small increase in axial length was then observed until it 
reached a peak at the fourth measurement session (mean time ~6 pm).  The daily 
rhythm in axial length was therefore not abolished, but instead the amplitude was 
significantly reduced, and the timing of the peak in axial length occurred 
approximately 6 hours later in the day compared to the normal daily rhythm. The 
changes in axial length on the day with myopic defocus appear to be the result of 
two different mechanisms: firstly a response to the imposed defocus, overlaid with 
the eye’s natural daily rhythms.  
 
Significant daily variations in the thickness of the choroid were also observed in our 
young adult subjects that were also influenced significantly by monocular defocus. 
The diurnal rhythms in choroidal thickness as measured with SD-OCT on the two no-
defocus days (baseline and recovery days) were similar in amplitude and phase to 
the diurnal variations in choroidal thickness that were found in young adults 
utilizing low coherence reflectometry in Chapter 2, with the choroid typically being 
thickest during the night and thinnest during the day.    
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Choroidal thickness was also significantly influenced by myopic defocus. After 3 
hours of exposure to monocular myopic defocus, the subfoveal choroid was ~14 µm 
thicker than on each of the other two ‘no defocus’ days.  These changes in choroidal 
thickness on the defocus day resulted in a significant reduction in the amplitude, 
and an earlier occurrence of the peak in the daily rhythm of subfoveal choroid 
thickness. Previous studies with chickens have also reported a significant disruption 
of the natural diurnal rhythms in choroidal thickness in eyes exposed to myopic 
defocus, with choroidal rhythms found to be significantly phase advanced (Nickla et 
al., 1998a; Nickla, 2006; Papastergiou et al., 1998). Choroidal thickening, associated 
with periods of myopic defocus has also been widely noted in avians (Nickla et al., 
2005; Park et al., 2003; Wallman et al., 1995; Wildsoet and Wallman, 1995; Zhu et 
al., 2003), mammals (Howlett and McFadden, 2009), and primates (Hung et al., 
2000; Troilo et al., 2000).    
 
Although our results clearly indicate a significant alteration in the diurnal rhythms in 
choroidal thickness in response to defocus, the physiological mechanism underlying 
changes is not known. Animal research suggests that changes in the tone of 
choroidal non-vascular smooth muscle cells or changes in the choroidal blood flow 
are the two possible factors involved in defocus induced changes in choroidal 
thickness (Nickla and Wallman, 2010). Changes in autonomic innervations to the 
choroid (Poukens et al., 1998, Lütjen-Drecoll 2006), or levels of endogenous neuro-
modulators such as nitric oxide (Nickla and Wildsoet, 2004), or changes in the 
volume of choroidal  lymphatics (Wallman et al., 1995; Junghans et al., 1998; 
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Pendrak et al., 1998) could also modulate these choroidal changes in response to 
defocus. Further research is required to determine the physiological mechanisms 
leading to defocus induced choroidal changes in human eyes. 
 
Our previous measurements in Chapter 2 and the findings from other investigators 
examining the diurnal rhythms of choroidal thickness in human eyes have only 
studied subfoveal measures (Brown et al., 2009). The parafoveal choroidal thickness 
was also examined, and choroidal regions peripheral to the fovea were also found 
to exhibit significant diurnal variations that are influenced by monocular myopic 
defocus. The magnitude and timing of diurnal rhythms and the influence of 
monocular defocus in parafoveal choroidal thickness was similar to that observed in 
the subfoveal measures.  These results demonstrate that both central and more 
peripheral regions of the choroid are sensitive to defocus induced changes. Given 
the potentially important role of peripheral defocus in refractive error development 
in animals (Smith III et al., 2005; Smith III et al., 2009a), further studies exploring 
peripheral ocular changes in hum an eyes in response to different optical defocus 
stimuli appear warranted.  
 
On average, the choroid was found to be thickest in the subfoveal region, and 
thinner in the more peripheral areas on both sides of the fovea, which is in 
agreement with previous studies of choroidal thickness in normal eyes (Spaide et 
al., 2008; Margolis and Spaide, 2009; Ikuno et al., 2010; Manjunath et al., 2010). 
However, no significant difference in the mean choroidal thickness between the 
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nasal and temporal regions in our population of young adult emmetropic subjects 
was observed, compared to the previous studies where the temporal choroid has 
been found to be relatively thicker than the nasal choroid (Margolis and Spaide, 
2009; Ikuno et al., 2010; Manjunath et al., 2010). Previous studies have found the 
choroid becomes progressively thinner in the nasal regions approaching the optic 
nerve; therefore the width of our peripheral analysis zone (1.5 mm nasal to the 
foveal centre) may not have been close enough to the optic nerve in our subjects to 
observe the typical nasal choroidal thinning reported in previous studies.  
 
A weak but significant negative association was found between the changes in axial 
length and subfoveal choroidal thickness. This relatively weak association (r² = 0.11, 
p<0.0001) suggests that other factors aside from choroidal thickness may also be 
involved in the observed variations in axial length. It seems plausible that changes in 
scleral thickness over the course of the day (e.g. due to changes in scleral 
proteoglycan synthesis (Nickla et al., 1999), mechanical expansion of the sclera or 
alterations in scleral hydration levels) could also potentially play a role.   
 
The changes in the diurnal rhythms in axial length associated with defocus were 
found to rapidly return to normal the following day, after removal of the defocus 
stimulus. The amplitude and timing of axial length measures on the recovery day 
were comparable to that observed on the baseline day with normal ocular rhythms. 
Previous investigations of short term defocus induced changes in eye length in 
human subjects have not examined the recovery period from these changes (Read 
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et al., 2010d). In this first investigation of longer periods of defocus on human eyes, 
the influence of a full day of monocular myopic defocus was examined. The results 
from our current study highlight the transient nature of the defocus induced 
changes observed in our young adult human subjects. The transient nature of these 
changes opens up the possibility for future research to examine the influence of 
other defocus stimuli (e.g. hyperopic defocus, diffuse defocus) on daily ocular 
rhythms, which will provide further insights into the response of the human eye to 
optical defocus and the potential role of defocus in the regulation of eye growth 
and refractive error development in human eyes.  
 
 In this study, no significant changes associated with defocus were found in the 
diurnal rhythms in the fellow, untreated eye. This is consistent with the recent 
findings by Read et al (2010d) investigating the influence of 60 minutes of defocus 
on human axial length, and suggests that the ocular effects of defocus in human 
eyes are confined to the eye that is experiencing the retinal blur. Research in animal 
models also suggests that ocular changes associated with defocus are a local ocular 
response (Diether and Schaeffel, 1997; Miles and Wallman, 1990; Wallman et al., 
1987), and do not require an intact central nervous system to mediate these 
changes because it occurs even if the optic nerve is severed (Troilo et al., 1987; 
Wildsoet, 2003).      
 
In the monocular defocus paradigm used in our current study, the effective sign and 
magnitude of optical defocus experienced by each subject depends upon the 
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fixation preference, and level of accommodation employed for different visual 
tasks.  However, on the defocus day, there were no significant changes in the daily 
rhythms of lens thickness or anterior chamber depth in either eye, nor evidence of 
changes in accommodative behaviour from the autorefraction data from the fellow 
eye. Collectively, these findings suggest that subjects maintained fixation with their 
fellow eye (and hence the defocused eye experienced consistent levels of myopic 
defocus) and that the changes in axial length were not confounded by changes in 
accommodation levels.   
 
The diurnal variations in IOP found in this study are consistent with a range of 
previous studies in terms of both the magnitude and timing of diurnal IOP rhythms 
in healthy adult eyes (David et al., 1992; Pointer, 1997; Liu et al., 1998, 2003). 
Additionally, no significant changes were observed in the diurnal rhythms of IOP 
associated with the introduction of monocular myopic defocus. Recently, Read et al. 
(2010d) also reported no significant changes in IOP following 60 minutes of 
exposure to defocus in human eyes. In Chapter 2, a significant positive association 
was found between the diurnal variations in axial length and IOP (similar to Read et 
al., 2008), and the changes in these two variables did not appear to be causally 
related (with a phase difference of ~ 1.5 hours).  In this study, although a significant 
positive association between the changes in the two variables (r² = 0.13, p<0.0001) 
was observed, the diurnal rhythms in axial length and IOP appear to become 
decoupled following the introduction of defocus. This further supports the assertion 
that the two rhythms aren’t causally related, and the association observed between 
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their diurnal rhythms may be largely due to the proximity in timings of the two 
ocular variables. Previous animal studies have also reported no direct causal 
relationship between the diurnal changes in eye length and IOP (Nickla et al., 1998 
a,b).       
 
Although, the subjects in this study were all emmetropic young adults and therefore 
not undergoing active natural eye growth, refractive errors have been well 
documented to occur in young adult humans (Grosvenor and Scott, 1993; Kinge et 
al 2000; McBrien and Adams, 1997), and retinal image blur is also known to alter 
the eye growth in older adult animal models (Papastergiou, 1998, Smith III and 
Hung, 1999; Troilo et al., 2000). Our findings of a disruption in the natural ocular 
daily rhythms of young adults in response to defocus may therefore have significant 
implications for the role of optical defocus in the development of refractive errors 
in human subjects.  Animal studies have shown that normal eye growth is 
characterized by a natural diurnal pattern in eye length variation, and these 
patterns are interrupted when refractive errors develop (Nickla et al., 1998a; Nickla, 
2006; Papastergiou et al., 1998). Small magnitudes of retinal image defocus 
experienced over extended periods of time in humans (e.g., ocular aberrations or 
lag of accommodation associated with near work), may interrupt the natural 
rhythms of eye growth and potentially result in the development of refractive errors 
in the longer term.  Future research examining populations of subjects undergoing 
more rapid eye growth (e.g. young progressing myopes) will provide further insights 
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into the potential for defocus induced changes to impact on human refractive error 
development. 
 
In conclusion, this study has shown for the first time that imposing monocular 
myopic defocus on human eyes leads to a significant disruption (both in terms of 
phase and magnitude) in the diurnal rhythms of both axial length and choroidal 
thickness. The changes in diurnal rhythms associated with defocus rapidly return to 
normal upon removal of the defocus stimulus. These short term changes may 
represent potential underlying mechanisms in the human eye that could be 
involved in the regulation of longer term eye growth.  
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Chapter 5: Monocular hyperopic defocus and diurnal variations 
in axial length and choroidal thickness 
5.1 Introduction 
In Chapter 2, significant natural diurnal variations were observed in axial length and 
choroidal thickness of normal human eyes. In Chapter 4, it was found that these 
normal diurnal rhythms are disrupted by the introduction monocular myopic 
spectacle lens defocus and that they return to normal rapidly following removal of 
the defocus. This demonstrates that optical stimuli can influence ocular diurnal 
rhythms in human eyes. This chapter aims to examine the influence of monocular 
hyperopic defocus upon the diurnal rhythms in eye length and choroidal thickness 
of young human subjects.     
 
Previous research from animal models suggests that normal ocular growth is vision 
dependent (Wildsoet, 1997; Smith III, 1998), and the introduction of optical defocus 
can lead to predictable changes in eye growth and the development of refractive 
errors (Irving et al., 1992; Schaeffel et al., 1988; Hung et al., 1995). In animals, the 
introduction of hyperopic defocus results in a thinning of the choroid (which moves 
the retina posteriorly towards the defocussed image plane) and an increase in 
scleral growth rate, leading to myopia (Schaeffel et al., 1988; Irving et al., 1992; 
Hung et al., 1995; Graham and Judge, 1999; Smith III and Hung, 1999).  
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It has been hypothesized in humans, that hyperopic defocus associated with near 
work (e.g. a lag of accommodation (Gwiazda et al., 1993a)), or hyperopic defocus 
due to ocular aberrations (Collins et al., 1995), or peripheral hyperopic defocus 
(Mutti et al., 2007) may be important optical factors associated with myopia 
development.  Recently, Read et al (2010d) also reported a significant increase in 
axial length associated with choroidal thinning in response to a short period (60 
minutes) of imposed monocular hyperopic defocus in young adult human eyes, 
which also supports the potential importance of hyperopic defocus in the 
development of human myopia. 
 
Hyperopic and myopic defocus imposed upon chick eyes, have also been found to 
significantly disrupt the natural diurnal rhythms that occur in eye length and 
choroidal thickness (Nickla et al., 1998a; Papastergiou et al., 1998; Nickla, 2006). In 
chicken eyes, the introduction of myopic defocus is associated with phase shifts in 
the diurnal rhythms of axial length and choroidal thickness compared to normal 
eyes, resulting in the two rhythms becoming in-phase with one another, decreasing 
the axial growth of the eye. On the other hand, hyperopic defocus is associated with 
only small phase shifts in the diurnal rhythms of axial length and choroidal 
thickness, with the peak in axial length occurring during the day, and a thickening of 
the choroid occurring during the night in an approximate anti-phase manner 
(similar to normal eyes). However, hyperopic defocus causes a significant increase 
in the amplitude of change in choroidal thickness, resulting in a significant increase 
in axial ocular growth, leading to a myopic refractive error.    
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In human eyes, both axial length (Stone et al., 2004) and choroidal thickness (Brown 
et al., 2009) also undergo significant diurnal variation throughout the day, that are 
approximately antiphase to each other (i.e. eyes are typically longest during the day 
when the choroid is thinnest, and shortest at night when the choroid is thickest, 
Chapter 2). In Chapter 4, the introduction of monocular myopic defocus was found 
to cause a significant disruption in the daily variations in axial length and choroidal 
thickness of human eyes, causing significant reductions in the mean amplitude of 
diurnal change, and phase shifts in the peak timing of the daily variations in both 
parameters. However, the influence of hyperopic defocus on the natural diurnal 
rhythms in axial length and choroidal thickness of human eyes are not known.   
 
In this study, the effect of a 12 hour period of monocular hyperopic defocus upon 
the normal daily variations in axial length and choroidal thickness of young adult 
emmetropic human subjects is examined. As previous animal studies have 
suggested the role of hyperopic defocus in myopia development, this study will 
provide insights into the potential importance of hyperopic defocus in the 
development of myopia in human eyes.    
  
 5.2 Methodology  
 5.2.1 Subjects and procedures   
Fifteen young adult, near-emmetropic subjects aged between 18 and 30 years 
(mean ± SD, 25.6 ± 3.62) were recruited for the study. Ten of the subjects were 
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male. It was estimated that a sample size of 15 participants would provide 80% 
power to detect a minimum significant change of 10 μm in the mean diurnal 
amplitude in axial length, using a statistical significance level of 0.05.  This 
magnitude of change was consistent with the mean magnitude of change in axial 
length of 8 μm in response to 60 minutes of hyperopic defocus recently reported in 
young human eyes (Read et al., 2010d). None of the participants had any history of 
significant ocular or systemic disease, ocular injury, or surgery. Before the study, 
each subject underwent an ophthalmic examination to ensure good ocular health, 
normal binocular vision and to determine their refractive status. The mean spherical 
equivalent refraction (SER) for the subjects was -0.121 ± 0.187 DS (range, 0.00 to -
0.375 DS). All subjects exhibited anisometropia less than 0.5 DS and astigmatism of 
less than 0.25 DC. All subjects had normal visual acuity of logMAR 0.00 or better.  
Approval from the university human research ethics committee was obtained, and 
all subjects gave written informed consent (Appendix 1). All subjects were treated in 
accordance with the Declaration of Helsinki.         
 
To investigate the effects of monocular hyperopic defocus on diurnal ocular 
variations, a series of axial length and choroidal thickness measurements were 
collected from both eyes over three consecutive days. A similar protocol was 
adopted as to that used in Chapter 4 to study the effects of monocular myopic 
defocus. On each day, 5 measurement sessions were carried out at 2.5 to 3 hourly 
intervals, with the first measurement taken at approximately 9 am (~1–2 hours 
after subjects had awoken) and the final measurement at approximately 9 pm. 
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Similar to the previous two experiments, data collection for this experiment was 
also carried out between late April and July (i.e. from the late autumn through the 
winter season). This measurement protocol was employed to minimise the 
interruption to our subject’s normal daily activities and sleep patterns, as well as to 
capture a large proportion of diurnal changes that have previously been 
documented to occur over a 24 hour period in axial length and other ocular 
biometric parameters (Read et al., 2008).  Day 1 (baseline day, no defocus) 
examined the normal diurnal variations in axial length and choroidal thickness, day 
2 (defocus day) investigated the influence of monocular hyperopic defocus on these 
ocular diurnal variations (subjects wore a -2.00 DS spectacle lens over the right eye, 
for the duration of the day), and day 3 (recovery day, no defocus) examined the 
recovery from any defocus induced changes from the second day. One subject was 
unable to attend session 5 only on the recovery day (day 3).    
 
A number of previous studies in chickens (Schmid and Wildsoet, 1996; Zhu et al., 
2003; Winawer et al., 2005), and recently in humans (Read et al., 2010d) have found 
hyperopic defocus to have a weaker influence on ocular parameters compared to 
myopic defocus. Therefore, a slightly larger magnitude of hyperopic defocus was 
used in this study (-2.00 DS hyperopic defocus) compared to the magnitude of 
myopic defocus that was used in Chapter 4 examining myopic defocus (+1.50 DS of 
myopic defocus). Pilot studies performed prior to the experiment suggested that 
monocular hyperopic defocus of -2.00 DS magnitude, induced measurable changes 
in the diurnal variations of ocular biometrics, without causing significant asthenopic 
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symptoms. On day 2, following the first measurement session, subjects wore 
spectacles that induced hyperopic defocus in their right eye only (-2.00 DS right eye, 
plano left eye) for the entire day. Similar to Chapter 4, subjects wore plano 
spectacles (with zero dioptric power in both eyes) on days 1 and 3 to maintain 
consistency in the experimental conditions over the three measurement days. Each 
measurement session took approximately 25 minutes to complete, and subjects 
undertook their regular daily activities between the measurement sessions. Given 
that factors such as accommodation (Drexler et al., 1998; Mallen et al., 2006), and 
exercise (Read and Collins, 2011) are known to cause short term changes in axial 
length, prior to each measurement a period of 10 minutes of binocular distance 
viewing (sitting, watching television at a distance of 6 metres) was observed for all 
subjects to minimize the influence of previous visual tasks on the measurements.  
 
A non-contact optical low-coherence reflectometry biometric device (Lenstar LS 
900; Haag–Streit AG, Koeniz, Switzerland) was used for axial length (AL, i.e. the 
distance from the anterior cornea to the RPE) and other ocular biometric 
measurements (including central corneal thickness (CCT), anterior chamber depth 
(ACD), and lens thickness (LT)). The ocular biometric measurements from the 
Lenstar instrument have been shown to be reliable, precise and comparable with 
other validated instruments (Buckhurst et al., 2009; Cruysberg et al., 2010; Holzer et 
al., 2009). Five measurements for each subject at each measurement session were 
averaged for further analysis.  
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The Copernicus SOCT HR spectral domain optical coherence tomographer (SD-OCT, 
Optopol Technology SA, Zawiercie, Poland) was used for choroidal thickness 
measurements.  This SD-OCT device utilizes a super-luminescent diode light source 
with a peak wavelength of 850 nm. It has an axial resolution of 3 µm, a transverse 
resolution of 12-18 µm, and a scanning speed of 52,000 A-scans/sec to provide high 
resolution cross sectional images of the posterior eye. Similar high resolution SD-
OCT devices have been used for the reliable measurements of choroidal thickness 
(Spaide et al., 2008; Margolis and Spaide, 2009; Manjunath et al., 2010, Benavente-
Perez et al., 2010) in human eyes. Images were captured using the instrument’s 
animation scan mode, which allows multiple B-scans to be collected from the same 
retinal location.  At each measurement session, six (3 from each eye) 5 mm 
horizontal foveal line scans (each consisting of 50 B-scans, with 1500 A-scans per B-
scan, with an acquisition time of 1.14 sec) were obtained with an average image 
quality index (QI) of 7.12 ± 0.51.   
 
A non-contact tonometer the Ocular Response Analyzer (ORA; Reichert, Depew, NY) 
was used to investigate the diurnal changes in IOP. This instrument has been found 
to provide reliable measures of IOP, that agree closely with Goldmann applanation 
tonometry (Medeiros and Weinreb, 2006; Lam et al., 2007). The mean IOP was 
calculated from a total of four readings for each subject at each measurement 
session. Ocular biometry and OCT imaging were always performed before the IOP 
measurements, to ensure that the other ocular measurements weren’t influenced 
by corneal applanation from the tonometer.     
  
184 
 
To confirm the level of accommodation employed for typical visual tasks during 
monocular hyperopic defocus (day 2), and to compare this with the accommodative 
behaviour on days 1 and 3 with no defocus, objective measures of ocular refraction 
for distance, intermediate and near fixation were measured three times (at baseline 
with no defocus, and at the second and final measurement sessions with monocular 
hyperopic defocus) in the right eye, and at all the five measurement sessions in the 
left eye on each of the three measurement days. In the right eye, measurements 
were obtained at only three time sessions instead of all the five sessions due to 
time constraints. On day 2 (defocus day), objective refraction measurements at the 
second and final sessions were obtained while the subjects were wearing the 
spectacles (right eye 2 D hyperopic defocus, left eye no defocus). For the baseline 
measurement session on day 2 and all measurement sessions on days 1 and 3, 
objective refraction measurements were obtained without spectacles. The Canon 
R1 open field, infrared autorefractometer (Davis et al., 1992) was used to measure 
objective refraction during binocular viewing of distance (6 metres), intermediate 
(60 centimetres) and near (30 centimetres) fixation targets (n=6). The mean 
spherical equivalent refraction (SER) was calculated for each subject from a total of 
five readings at each session. Two dioptres was subtracted from the objective 
refection measures at all fixation distances for measurement sessions 2 and 5 in the 
right eye, on the defocus day (day 2), in order to eliminate the offset of 2 D from 
the spectacle lens while performing measurements through the glasses.   
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In the latter half of the study, the Canon R1 instrument broke down and could not 
be repaired, so a modified Hartmann-Shack aberrometer (COAS, AMO Wavefront 
Sciences) with an additional relay lens system (instrument modification described in 
Ghosh et al., 2011) was used to carry out open-field objective refraction 
measurements (n=5). The modified aberrometer set up allowed the measurement 
of ocular refraction to be performed during binocular fixation of a free space target 
that was co-axially aligned to the subject’s visual axis and the measurement axis of 
the instrument. This technique has been validated previously and has been shown 
to provide reliable measurements of lower-order optics during accommodation in 
young adult human eyes (Ghosh et al., 2011). Four measurements, each consisting 
of 25 continuous frames (4×25 frames, multibuffer acquisition) were obtained at 
each measurement session. The order of autorefraction measurements between 
the right and the left eye was randomized at each measurement session for each 
subject. Due to the additional autorefraction measurements performed in both eyes 
(as compared to only the left eye in Chapter 4), as well as additional time required 
for obtaining autorefraction measurements using the Hartmann-Shack 
aberrometer, the measurement time required for completing all the measurements 
at each session was slightly longer in this study (on average) compared to the 
previous study with myopic defocus. 
 
Autorefraction measurements could not be performed on 4 subjects immediately 
following the breakdown of the Canon R1 autorefractometer and before the 
development of the alternative measurement system using the Hartmann-Shack 
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aberrometer. Consequently, the autorefraction analysis includes data from a total 
of 11 subjects (6 measured with the autorefractometer and 5 with the Hartmann-
Shack aberrometer).   
  
5.2.2 Data analysis   
Following data collection, the OCT data were exported from the instrument for 
further analysis using custom written software. The software registered and aligned 
each of the 50 individual B-scans in order to calculate an average B-scan image with 
reduced speckle noise and enhanced visibility of the choroid for each measurement 
session (Alonso-Caneiro et al., 2011). Each of the six averaged images (3 each eye) 
from each subject at each session were then manually segmented by an 
experienced masked observer to determine the subfoveal and the parafoveal 
choroidal thickness (method detailed in Chapter 4). The observer was masked for 
time of the day and the day of measurement for all of the scans analysed.    
  
Figure 5.1 illustrates various steps involved in analysing the wavefront refraction 
data acquired from the COAS aberrometer. The raw wavefront aberration data 
were fit with Zernike polynomials up to the eighth radial order and exported from 
the instrument for further analysis.  Custom written software was used to calculate 
the average wavefront across a 4 mm pupil diameter for each subject at each 
session. To provide an estimate of the objective spherical refraction, the average 
wavefront was converted into refractive power (Iskander et al., 2007).  Since the 
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Canon R1 autorefractometer derives its refractive power from an annular zone 
within the pupil in a annular region extending from approximately 3 mm from pupil 
center to approximately 4 mm from pupil center (Winn et al., 1989; Collins, 2001), 
the best fit sphero-cylinder was also calculated from an annulus in the average 
refractive power map with a 3 mm inner diameter and a 4 mm outer diameter using 
custom written software. Power vector M derived from the resultant sphero-
cylinder estimate for the annulus was used as a measure of the best sphere ocular 
refraction (Thibos et al., 1997). This method allowed comparable results to be 
obtained with the objective refraction data obtained from the COAS and from the 
Canon R1 autorefractometer.  
 
Following data collection, the average of all biometric parameters, IOP, and 
refraction data for each subject at each measurement session was calculated. The 
right and the left eye data were analysed separately, in order to examine the 
influence of defocus on the right eye and any crossover effects of defocus in the 
non-defocused left eye.  The daily mean amplitude of change (the difference 
between the maximum and minimum) was also calculated for each variable for 
each measurement day. The Kolmogorov-Smirnov test revealed that the data was 
normally distributed for all the biometric variables and IOP (p>0.05). To investigate 
the significance of diurnal changes, and to examine the effects of defocus on axial 
length (and the anterior eye biometric variables), IOP, refraction data and sub-
foveal choroidal thickness, a repeated measures analysis of variance (ANOVA) with 
two within-subjects factors (time of day and day of measurement) was performed.  
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For the parafoveal choroidal thickness data, two additional within-subjects factors 
(parafoveal eccentricity [0.5 mm, 1.0 mm and 1.5 mm from foveal centre] and 
region [nasal or temporal]) were included in the repeated measures ANOVA. For 
autorefraction data, one additional within-subjects factor (fixation distance 
[distance, intermediate and near] was included in the repeated measures ANOVA. 
The Greenhouse-Geisser correction was used to account for any departures from 
the sphericity assumption. One subject who was unable to attend one 
measurement session on the third measurement day was not included in this 
ANOVA, since it required all subjects to have fifteen complete data sets for all 
variables. Pairwise comparisons with Bonferroni correction were performed for any 
variables with significant main effects and interactions.   
 
To investigate the association between the diurnal variations in axial length and 
choroidal thickness, an analysis of covariance (ANCOVA) was carried out for the 
analysis of repeated measures (Bland and Altman, 1995). To provide an assessment 
of the within-session variability for each of the measured parameters on each 
measurement day, the average within-session range and within-session standard 
deviation (Bland and Altman, 1999), intraclass coefficient (ICC) , and the mean 
coefficient of variation (the within-subject standard deviation divided by the mean, 
expressed as a percentage) for each measured variable were calculated.    
Finally, to fit a mathematical model to our data, and to illustrate the average 
amplitude and timing of the diurnal variations in axial length and subfoveal 
choroidal thickness, a least squares sine curve fitting (assuming a fixed period of 24 
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hours) was applied to the pooled data for all subjects at all measurement sessions 
for each day (method detailed in Chapter 2). This fitting determined the group 
mean amplitude (peak to trough difference) of change, acrophase (i.e., the peak 
timing of the measured parameters), as well as the 95% confidence interval (CI) and 
root mean square (RMS) fit error of these parameters for each measurement day.  
 
 The following sine curve equation was used to fit the diurnal data.  
 
In the above equation, a is the amplitude (peak-trough difference), c is the time 
phase, and the fitted curve has a fixed period of 24 hours.  
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for a 3 – 4 mm annulus (red region) 
from pupil center within the 
average refractive power map to 
allow comparison with Canon R1 
autorefractometer data using 
custom written software. 
Winn et al (1989); Collins (2001) 
3 mm 
4 mm 
Figure 5.1: Flowchart outlining the steps involved in analysing the wavefront refraction data acquired from the COAS aberrometer, in a manner intended to be 
comparable with the output of the Canon R1 autorefractometer.   
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5.3 Results   
5.3.1 Within-session repeatability 
The within-session variability was small for all measured variables including axial 
length (within-session standard deviation, 0.007 mm), choroidal thickness (within-
session standard deviation  ranges, 0.006 to 0.008 mm for subfoveal and parafoveal 
choroidal thickness), IOP (0.97 mmHg) and other measured ocular biometrics 
(within-session standard deviation ranges, 0.002 to 0.029 mm) (Table 5.1). All 
variables exhibited an ICC of 0.9 or greater. 
 
5.3.2 Axial length  
The mean magnitude and pattern of diurnal variations in axial length on each of the 
three days of testing in the right and left eyes are illustrated in Table 5.2 and Figure 
5.2. For the right eye (that was exposed to hyperopic defocus on the second 
measurement day), axial length underwent significant diurnal variation (within 
subjects effect of time, p<0.0001) on each of the three measurement days. 
Exposure of the right eye to monocular hyperopic defocus on day 2, resulted in 
significant changes in the diurnal rhythms of axial length (day by time interaction, 
p<0.001). The mean amplitude (peak to trough) of change in axial length was found 
to be significantly (p<0.001) greater on day 2 (with defocus, 0.041 ± 0.015 mm) 
compared to days 1 (0.024 ± 0.011 mm) and 3 (0.025 ± 0.010 mm) with no defocus.  
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Table 5.1: Overview of the mean within-session range and standard deviation, intraclass correlation coefficient (ICC) and the mean coefficient of variation  
for the repeated measures collected at each measurement session over the three days of measurement in the right (the eye that was exposed to hyperopic 
defocus on the second measurement day) and left (the eye that was not exposed to defocus) eyes for each of the measured ocular variables including, CCT, 
ACD, LT, AL, IOP, subfoveal CT and parafoveal CT (for 0.5 mm width zones, located 0.5, 1 and 1.5 mm from foveal centre, averaged across the nasal and 
temporal regions).      
 
Measured  Variables 
 
Right Eye (Defocused eye) Left Eye (Fellow eye-no defocus) 
Variables 
Within-session 
standard 
deviation 
Within-
session range 
ICC 
Mean 
coefficient of 
variation 
Within-session  
standard 
deviation 
Within-
session range 
ICC 
Mean 
coefficient of 
variation 
CCT (mm) 0.002 0.004 0.992 0.32% 0.003 0.006 0.980 0.44% 
ACD (mm) 0.015 0.029 0.997 0.41% 0.016 0.029 0.997 0.41% 
LT (mm) 0.029 0.057 0.979 0.67% 0.031 0.058 0.977 0.71% 
VCD (mm) 0.018 0.056 0.985 0.12% 0.020 0.055 0.982 0.11% 
AL (mm) 0.007 0.014 0.999 0.03% 0.006 0.013 0.999 0.03% 
Subfoveal CT (mm) 0.006 0.012 0.974 1.82% 0.006 0.013 0.962 1.69% 
Parafoveal CT (0.5 mm from foveal centre) 
(mm) 
0.007 0.013 0.972 1.92% 0.007 0.014 0.953 1.84% 
Parafoveal CT (1 mm from foveal centre) 
(mm) 
0.008 0.015 0.965 2.25% 0.007 0.016 0.951 2.27% 
Parafoveal CT (1.5 mm from foveal centre) 
(mm) 
0.008 0.016 0.952 2.75% 0.009 0.018 0.944 2.80% 
IOP (mm Hg) 0.97 1.99 0.913 6.75% 0.99 2.01 0.901 6.87% 
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At the second measurement on the defocus day (after ~ 3 hours of exposure to 
defocus), the eye was significantly longer by 0.012 ± 0.002 mm compared to the 
other two days with no defocus (p<0.05). Significant differences in the changes in 
axial length were also observed at the third (difference between days 1 and 3, 
0.007± 0.001) and fourth (0.007± 0.0005) measurement sessions between the two 
‘no defocus’ days (days 1 and 3) (pairwise comparisons, p<0.05). However, there 
was no significant difference in the mean amplitude of diurnal change in axial 
length between days 1 and 3 (p>0.05). No significant difference was observed in the 
peak timing of the diurnal rhythm in axial length across the three measurement 
days, with subjects typically exhibiting their longest axial length at the second 
measurement session (mean time of the measurement, 12:12) and the shortest 
axial length at the final session (mean time of the measurement, 21:02) on each 
measurement day. Repeated measures ANOVA also revealed a significant effect of 
measurement day for axial length, as the mean axial length on day 3 was 0.004 ± 
0.0007 mm shorter than the mean axial length on days 1 and 2 (p=0.018, Table 5.2).  
 
For the left eye (that was not exposed to defocus), significant diurnal variations 
(p<0.0001) in axial length were also observed across the three days. However, no 
significant difference was observed in the magnitude or timing of axial length 
variations over the three days (p=0.333, day by time interaction), indicating no 
significant crossover effects of defocus on the fellow (left) eye. A significant effect 
of measurement day for axial length was also found for the left eye, as the mean 
axial length on day 3 was 0.006 ± 0.002 mm shorter than the mean axial length on 
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days 1 and 2 (p=0.001, Table 5.2). The baseline axial length measurements were not 
significantly different between days (p>0.05), or between the right and left eyes on 
any of the three measurement days (p=0.154).      
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Figure 5.2: Mean change in AL  for each of the three measurement days (5 sessions each on 
day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the right 
(exposed to hyperopic defocus on day 2, top) and left (the eye that was not exposed to 
defocus, bottom) eyes. In order to highlight the diurnal variations, all values are normalized 
to the mean of 15 sessions across all measurement days (i.e. all values are normalized to 
the mean). Repeated measures ANOVA revealed significant diurnal variations (p<0.0001), 
and significant time-day interaction (p<0.001) in AL. Vertical error bars are standard error 
of the mean (SEM). Horizontal error bars are standars error in the mean time that the 
measurement was taken at each session (in hours).      
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 Table 5.2: Summary of group means and amplitude of change in AL , subfoveal CT  (n=14) and IOP for each of the three measurement days (day 1 the 
baseline day, day 2 the defocus day and day 3 the recovery day) in the right (the eye that was exposed to hyperopic defocus on the second measurement 
day) and left (the eye that was not exposed to defocus) eyes, and p values from repeated measures ANOVA investigating the within-subjects effects of time 
and day and the day by time interaction. Significant p values (p<0.05) are highlighted in bold.   
  
Eye 
 
Variable 
 
Measurement day 
Group mean ± 
SD 
Mean amplitude 
of change ± SD 
p values from repeated measures ANOVA 
 
(Day) 
 
 
(Time) 
 
(Day by time) 
Right Eye 
(Defocussed Eye) 
AL 
(mm) 
Day 1 (baseline 
Day 2 (defocus) 
Day 3 (recovery) 
23.73 ± 0.78 
23.73 ± 0.78 
23.72 ± 0.78 
0.024 ± 0.011 
0.041 ±0.015 
0.025 ± 0.010 
 
0.018 
 
<0.0001 <0.001 
Subfoveal CT 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.377 ± 0.021 
0.375 ± 0.017 
0.378 ± 0.019 
0.023 ± 0.008 
0.034 ± 0.010 
0.022 ± 0.006 
 
0.046 
 
<0.0001 0.032 
IOP 
(mm Hg) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
14.85 ± 2.39 
14.00 ± 2.82 
14.43 ± 2.98 
4.48± 1.30 
4.56 ± 1.42 
3.65 ± 1.27 
0.003 <0.0001 0.353 
Left Eye 
(Fellow Eye-No 
Defocus) 
AL 
(mm) 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
23.70 ± 0.77 
23.70 ± 0.77 
23.69 ± 0.77 
0.022 ± 0.009 
0.022 ±0.009 
0.024 ± 0.010 
 
0.001 
 
<0.0001 0.333 
Subfoveal CT 
(mm) 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
0.377 ± 0.014 
0.375 ± 0.013 
0.376± 0.012 
0.023 ± 0.005 
0.023 ± 0.006 
0.022 ± 0.005 
 
0.246 
 
<0.0001 0.232 
IOP 
(mm Hg) 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
14.68 ± 2.31 
14.26 ± 2.46 
14.30 ± 3.11 
4.63 ± 1.67 
3.66 ± 1.37 
3.95 ± 1.36 
0.242 <0.0001 0.337 
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5.3.3 Subfoveal choroidal thickness  
Figure 5.3 and Table 5.2 illustrate the choroidal thickness measurements from the 
study, and represents data from 14 subjects, as choroidal thickness could not be 
consistently detected by the masked observer in all measurement sessions for one 
subject. Significant diurnal variations (p<0.0001, repeated-measures ANOVA) were 
observed in the subfoveal choroidal thickness on each of the three measurement 
days in both the right and left eyes. For the right eye, hyperopic defocus on day 2, 
led to significant changes in the diurnal variations of choroidal thickness compared 
to the other two days with no defocus (p=0.032, day by time interaction). The mean 
amplitude (peak-trough difference) of change in the subfoveal choroidal thickness 
on day 2 with hyperopic defocus (0.034 ± 0.010 mm) was significantly greater than 
the mean amplitude of change on days 1 (0.023 ± 0.008 mm) and 3 (0.022 ± 0.006 
mm) with no defocus (p<0.001).  At the second measurement session on day 2 
(following ~ 3 hours of exposure to defocus), the subfoveal choroid was found to be 
significantly thinner by 0.008 ± 0.0007 mm compared to the two ‘no defocus’ days 
(pairwise comparisons, p<0.05). No significant differences were observed in any of 
the subfoveal choroidal thickness measures (p>0.05, for all pairwise comparisons), 
or the mean amplitude of change in choroidal thickness (p>0.05) between days 1 
and 3 with no defocus. There was no significant change in the peak timing of the 
diurnal rhythm in choroidal thickness associated with the introduction of defocus 
on day 2, and on all three days the choroid was typically found to be thickest at 
night (mean time of the measurement, 21:02) and thinnest during the day (mean 
measurement time, 12:12). Additionally, a significant effect of measurement day 
was also observed for the subfoveal choroidal thickness, as the mean choroidal 
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thickness on day 2 was 0.003 ± 0.003 mm thinner than the mean choroidal 
thickness on days 1 and 3 (within subjects effect of day, p=0.046).        
 
For the left eye, that was not exposed to defocus, significant diurnal variations in 
choroidal thickness were also observed on each of the three testing days (within 
subjects effect of time, p<0.0001, Table 5.2).   However, there was no evidence of 
significant change in the magnitude  or peak timing of these diurnal rhythms in 
choroidal thickness of the left eye, associated with the hyperopic defocus on day 2 
(day by time interaction, p=0.232) (Figure 5.3).  The baseline choroidal thickness 
measurements were not significantly different between days (p>0.05), or between 
eyes on any of the three days (p=0.714).  
 
Analysis of covariance for repeated measures revealed a significant negative 
association between the changes in axial length and choroidal thickness over the 
three testing days in both the “defocussed” right eye (slope = -0.684; r² = 0.35, 
p<0.0001) as well as the contralateral left eye with no defocus (slope = -0.461; r² = 
0.17, p<0.0001).   
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Figure 5.3: Mean change in subfoveal CT (n=14) for each of the three measurement days (5 
sessions each on day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) 
in the right (exposed to hyperopic defocus on day 2, top) and left (the eye that was not 
exposed to defocus, bottom) eyes. In order to highlight the diurnal variations, all values are 
normalized to the mean of 15 sessions across all measurement days (i.e. all values are 
normalized to the mean). Repeated measures ANOVA revealed significant diurnal variations 
(p<0.0001), and significant time-day interaction (p=0.032) in subfoveal CT. Vertical error 
bars are standard error of the mean (SEM). Horizontal error bars are standars error in the 
mean time that the measurement was taken at each session (in hours).         
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5.3.4 Parafoveal choroidal thickness  
The mean choroidal thickness and amplitude (peak-trough difference) of diurnal 
change for the three days of testing in the parafoveal choroid derived for both nasal 
and temporal regions in 0.5 mm width zones located 0.5, 1 and 1.5 mm from the 
foveal centre are displayed in Table 5.3. Repeated-measures ANOVA revealed a 
significant effect of peripheral eccentricity (p<0.0001) on the parafoveal choroidal 
thickness, as the choroid was significantly thinner in the more peripheral locations. 
For the right eye (that was exposed to defocus), the temporal choroid was found to 
be significantly thicker than the nasal choroid in the parafoveal region (within-
subjects effect of region, p=0.026).  
 
Significant diurnal variations were also observed in the parafoveal choroidal 
thickness data for both the right and left eyes (p<0.0001). For the right eye (similar 
to the subfoveal choroidal thickness results), diurnal variations in the parafoveal 
choroid with hyperopic defocus (on day 2) were significantly different to the 
variations observed on days 1 and 3 with ‘no defocus’ (p=0.006, day by time 
interaction). Repeated-measures ANOVA revealed no significant region (nasal 
versus temporal region) by day by time (p=0.102) or eccentricity (0.5 mm, 1.0 mm 
or 1.5 mm from foveal centre) by day by time (p=0.235) interaction, indicating a 
similar magnitude and pattern of diurnal variation between the different parafoveal 
zones throughout the day, across all the three days. Figure 5.4 illustrates the mean 
diurnal variation in choroidal thickness observed in the different parafoveal 
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eccentricities (averaged across the nasal and temporal regions since there was no 
region by time, or region by day by time interaction) over the three days of testing.   
 
Similar to the subfoveal choroidal thickness rhythms, the peak in the parafoveal 
choroidal thickness was typically observed at the final session (mean time, 21:02) 
on each of the three measurement days (Figure 5.4).  Parafoveal choroidal thickness 
in the fellow (left) eye also exhibited significant diurnal variations (p<0.001), 
however there was no evidence of significant change in the pattern of these 
variations with the introduction of defocus on day 2 (p=0.157, day by time 
interaction).  
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Figure 5.4: Mean change in parafoveal CT (n=14) (for 0.5 mm width zones located 0.5, 1 and 
1.5 mm from foveal centre, averaged across the nasal and temporal regions) for each of the 
three measurement days (5 sessions each on day 1 the baseline day, day 2 the defocus day 
and day 3 the recovery day) in the right (exposed to hyperopic defocus on day 2, top) and 
left (the eye that was not exposed to defocus, bottom) eyes. In order to highlight the 
diurnal variations, all values are normalized to the mean of 15 sessions across all 
measurement days (i.e. all values are normalized to the mean). Repeated measures ANOVA 
revealed a significant effect of time and eccentricity (p<0.0001) for both the right and left 
eye, and a significant day by time interaction (p=0.006) for the right eye only in parafoveal 
CT. Vertical error bars are standard error of the mean (SEM). Horizontal error bars are 
standars error in the mean time that the measurement was taken at each session (in 
hours).  
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 Table 5.3: Summary of group means and amplitude of change in parafoveal CT for each of the three measurement days (day 1 the baseline day, day 2 the 
defocus day and day 3 the recovery day) for both nasal and temporal regions, within a series of 0.5 mm width zones located at 0.5, 1.0 and 1.5 mm from 
foveal centre in the right (the eye that was exposed to hyperopic defocus on the second measurement day) and left (the eye that was not exposed to 
defocus) eyes. Repeated measures ANOVA revealed a significant effect of time and eccentricity (p<0.0001) for both right and left eye, and a significant day 
by time interaction (p=0.006) for the right eye.  
 
Measured  Variables 
 
Right Eye (Defocussed eye) Left Eye (Fellow eye – no defocus) 
 
Regions of choroid 
 
Eccentricity  from 
fovea (mm) 
Days Group mean ± SD 
Mean amplitude of 
change ± SD 
Group mean ± SD 
Mean amplitude of 
change ± SD 
Temporal 
(mm) 
0.5 
 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.377 ± 0.027 
0.375 ± 0.022 
0.375 ± 0.023 
0.022 ± 0.008 
0.033 ± 0.011 
0.030 ± 0.009 
0.371 ± 0.019 
0.369 ± 0.017 
0.371 ± 0.016 
0.024 ± 0.005 
0.022 ± 0.005 
0.022 ± 0.005 
1 
 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.362 ± 0.036 
0.360 ± 0.033 
0.361 ± 0.032 
0.021 ± 0.008 
0.031 ± 0.012 
0.025 ± 0.006 
0.348 ± 0.029 
0.347 ± 0.029 
0.350 ± 0.026 
0.022 ± 0.006 
0.021 ± 0.006 
0.020 ± 0.007 
1.5 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.333 ± 0.048 
0.329 ± 0.047 
0.331 ± 0.043 
0.023 ± 0.008 
0.030 ± 0.013 
0.026 ± 0.010 
0.313 ± 0.046 
0.312 ± 0.047 
0.315 ± 0.042 
0.028 ± 0.012 
0.024 ± 0.009 
0.022 ± 0.012 
Nasal 
(mm) 
0.5 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
0.364 ± 0.017 
0.361 ± 0.014 
0.365 ± 0.016 
0.023 ± 0.009 
0.034 ± 0.010 
0.020 ± 0.007 
0.366 ± 0.012 
0.365 ± 0.011 
0.365 ± 0.010 
0.020 ± 0.006 
0.023 ± 0.008 
0.021 ± 0.006 
1 
 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
0.337 ± 0.013 
0.334 ± 0.012 
0.340 ± 0.013 
0.024 ± 0.013 
0.031 ± 0.011 
0.020 ± 0.006 
0.338 ± 0.013 
0.336 ± 0.013 
0.338 ± 0.011 
0.017 ± 0.006 
0.021 ± 0.009 
0.020 ± 0.007 
1.5 
 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
0.298 ± 0.010 
0.295 ± 0.009 
0.303 ± 0.010 
0.028 ± 0.014 
0.029 ± 0.016 
0.025 ± 0.009 
0.292 ± 0.026 
0.290 ± 0.028 
0.294 ± 0.023 
0.017 ± 0.006 
0.020 ± 0.008 
0.019 ± 0.007 
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5.3.5 Intraocular pressure 
Significant diurnal variations were also observed in IOP on each of the three 
measurement days in both right and left eyes (p<0.0001, repeated-measures 
ANOVA) (Figure 5.5). The highest IOP was typically observed in the morning (session 
1, mean time, 09:09) and then gradually decreased throughout the day, with the 
lowest IOP typically observed at the final measurement session (sessions 5, mean 
time, 21:02) on all the three days. Diurnal variations in IOP did not show evidence of 
significant alteration following the introduction of hyperopic defocus on day 2 
(p=0.353, day by time interaction). For the right eye, the mean amplitude of change 
in IOP on days 1 (4.48 ± 1.30 mm Hg), 2 (4.56 ± 1.42 mm Hg) and 3 (3.65 ± 1.27 mm 
Hg) were not significantly different to each other (p=0.115) (Table 5.2). Repeated-
measures ANOVA also revealed a significant effect of measurement day on IOP 
(p=0.003), as the mean IOP on day 2 was found to be 0.64 ± 0.13 mmHg lower than 
the mean IOP on days 1 and 3. IOP in the fellow (left) eye also exhibited significant 
diurnal variations (p<0.0001), however no significant effects of defocus were 
evident (p=0.337, day by time interaction). The baseline IOP measurements were 
not significantly different between days (p>0.05), or between eyes on any of the 
three measurement days (p=0.493).  
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Figure 5.5: Mean change in IOP for each of the three measurement days (5 sessions each on 
day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the right 
(exposed to hyperopic defocus on day 2, top) and left (the eye that was not exposed to 
defocus, bottom) eyes. In order to highlight the diurnal variations, all values are normalized 
to the mean of 15 sessions across all measurement days (i.e. all values are normalized to 
the mean). Repeated measures ANOVA revealed significant diurnal variations (p<0.0001) in 
IOP. Vertical error bars are standard error of the mean (SEM). Horizontal error bars are 
standars error in the mean time that the measurement was taken at each session (in 
hours).        
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Analysis of covariance for repeated-measures revealed a significant positive 
association between the changes in axial length and IOP over the three 
measurement days in both the right “defocussed” eye (slope = 0.0031; r² = 0.17, 
p<0.0001), as well as the fellow left eye with no defocus (slope = 0.0028; r² = 0.15, 
p<0.0001).  ANCOVA also revealed a significant negative association between the 
changes in IOP and choroidal thickness in both the right (slope = -0.0025; r² = 0.20, 
p<0.0001) and left (slope = -0.0021; r² = 0.18, p<0.0001) eyes.    
 
5.3.6 Other ocular biometrics     
Repeated-measures ANOVA revealed that a range of the other ocular biometric 
parameters such as CCT, ACD and VCD also underwent significant diurnal variations 
(repeated-measures ANOVA, p<0.05, Table 5.4) in both right and left eyes on each 
of the three days of measurement. However, diurnal variations in these ocular 
parameters were not significantly altered by the introduction of defocus on day 2 
(p>0.05, day by time interaction) in both eyes.  
 
CCT underwent significant diurnal variation on each measurement day (p<0.05), 
with the cornea typically being thickest in the morning (session 1), and then 
becoming gradually thinner throughout the day, with the minimum corneal 
thickness typically observed towards the end of the day (session 4 and 5, Figure 
5.6). For the right eye, the mean amplitude (peak to trough, 0.007 ± 0.005 mm) of 
change in CCT was not significantly different between the three days of testing 
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(p=0.323). Significant diurnal variations were also observed in ACD (p<0.001) (Figure 
5.7). The mean amplitude of change in ACD (mean amplitude, 0.056 ± 0.023 mm) 
was not significantly different between measurement days (p=0.123). ACD was 
typically found to be shallowest in the morning, and deepest towards the end of 
each day.  
 
No significant diurnal variations were observed in LT (p=0.442) on any of the three 
testing days. Significant diurnal variations (p<0.001) were observed in VCD, with the 
maximum VCD typically observed during the day at the second measurement 
session (mean time, 12:12), and the shortest during the night at the final session 
(meantime, 21:02) on each measurement day. Although the change in the vitreous 
chamber on day 2 (with hyperopic defocus) exhibited a trend for a greater change 
than on the other two days with no defocus (Figure 5.8), these changes did not 
reach statistical significance (day by time interaction, p=0.338). However, the mean 
amplitude (peak-trough) of change in VCD was found to be significantly (p=0.003) 
greater on day 2 (with defocus, 0.101 ± 0.036 mm) compared to days 1 (0.070 ± 
0.020 mm) and 3 (0.060 ± 0.017 mm) with no defocus.  For the right eye, there was 
a significant effect of measurement day for VCD, as the mean VCD on day 2 was 
0.008 ± 0.006 mm longer than the mean VCD on the other two ‘no defocus’ days 
(within subjects effect of day, p=0.043) (Table 5.4).        
 
Repeated-measures ANCOVA revealed a significant positive association between 
the changes in VCD and axial length over the three testing days in both the right 
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(slope = 0.233; r² = 0.40, p<0.0001) and left (slope = 0.106; r² = 0.13, p<0.0001) 
eyes. A significant negative association was also observed between the changes in 
VCD and choroidal thickness in both eyes (right eye, slope = -1.511; r² = 0.23, 
p<0.0001 and left eye, slope = -1.291; r² = 0.12, p<0.0001).      
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Table 5.4: Summary of group means and amplitude of change in (CCT, ACD, LT and VCD) for each of the three measurement days (day 1 the baseline day, 
day 2 the defocus day and day 3 the recovery day) in the right (the eye that was exposed to hyperopic defocus on the second measurement day) and left 
(the eye that was not exposed to defocus) eyes, and p values from repeated measures ANOVA investigating the within-subjects effects of time and day and 
the day by time interaction. Significant p values (p<0.05) are highlighted in bold.   
 
Eye 
 
Variable 
 
Measurement day 
Group mean      
± SD 
Mean amplitude of 
change ± SD 
p value 
(Day) 
p value 
(Time) 
p value 
(Day by time) 
Right Eye 
(Defocussed Eye) 
CCT 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.528 ± 0.022 
0.527 ± 0.022 
0.528 ± 0.022 
0.007 ± 0.004 
0.007 ± 0.005 
0.007 ± 0.005 
0.551 0.003 0.124 
ACD 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
3.01 ± 0.26 
3.00 ± 0.26 
3.01 ± 0.26 
0.065 ± 0.023 
0.055 ± 0.029 
0.047 ± 0.016 
0.196 <0.0001 0.916 
LT 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
3.63 ± 0.22 
3.63 ± 0.22 
3.62 ± 0.22 
0.055 ± 0.029 
0.052 ± 0.031 
0.037 ± 0.025 
0.756 0.442 0.801 
VCD 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
16.56 ± 0.78 
16.57 ± 0.78 
16.56 ± 0.78 
0.070 ± 0.020 
0.101 ± 0.036 
0.060 ± 0.017 
0.043 <0.0001 0.338 
Left Eye 
(Fellow Eye-No 
Defocus) 
CCT 
(mm) 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
0.530 ± 0.021 
0.529 ± 0.020 
0.530 ± 0.020 
0.008 ± 0.004 
0.007 ±0.006 
0.007 ± 0.003 
0.739 0.006 0.262 
ACD 
(mm) 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
3.00 ± 0.27 
2.99 ± 0.27 
3.01 ± 0.27 
0.069 ± 0.037 
0.058 ± 0.025 
0.046 ± 0.014 
0.057 <0.001 0.736 
LT 
(mm) 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
3.62 ± 0.22 
3.61 ± 0.22 
3.61 ± 0.22 
0.070 ± 0.035 
0.076 ± 0.063 
0.053 ± 0.027 
0.084 0.213 0.488 
VCD 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
16.55 ± 0.78 
16.56 ± 0.78 
16.55 ± 0.79 
0.069 ± 0.037 
0.096 ± 0.062 
0.071 ± 0.027 
0.113 <0.001 0.567 
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Figure 5.6: Mean change in CCT for each of the three measurement days (5 sessions each 
on day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the right 
(exposed to hyperopic defocus on day 2, top) and left (the eye that was not exposed to 
defocus, bottom) eyes. In order to highlight the diurnal variations, all values are normalized 
to the mean of 15 sessions across all measurement days (i.e. all values are normalized to 
the mean). Repeated measures ANOVA revealed significant diurnal variations (p<0.05) in 
CCT. Vertical error bars are standard error of the mean (SEM). Horizontal error bars are 
standars error in the mean time that the measurement was taken at each session (in 
hours).        
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Figure 5.7: Mean change in ACD for each of the three measurement days (5 sessions each 
on day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the right 
(exposed to hyperopic defocus on day 2, top) and left (the eye that was not exposed to 
defocus, bottom) eyes. In order to highlight the diurnal variations, all values are normalized 
to the mean of 15 sessions across all measurement days (i.e. all values are normalized to 
the mean). Repeated measures ANOVA revealed significant diurnal variations (p<0.001) in 
ACD. Vertical error bars are standard error of the mean (SEM). Horizontal error bars are 
standars error in the mean time that the measurement was taken at each session (in 
hours).        
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Figure 5.8: Mean change in VCD for each of the three measurement days (5 sessions each 
on day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the right 
(exposed to hyperopic defocus on day 2, top) and left (the eye that was not exposed to 
defocus, bottom) eyes. In order to highlight the diurnal variations, all values are normalized 
to the mean of 15 sessions across all measurement days (i.e. all values are normalized to 
the mean). Repeated measures ANOVA revealed significant diurnal variations (p<0.001) in 
VCD. Vertical error bars are standard error of the mean (SEM). Horizontal error bars are 
standars error in the mean time that the measurement was taken at each session (in 
hours).       
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5.3.7 Sine curve modelling  
Table 5.5 displays the mean amplitude (peak-trough difference), acrophase (peak 
timing of rhythm), and 95% CI derived from the sine curve modelling for the 
changes in axial length and choroidal thickness for each of the three measurement 
days. Sine curve analysis showed an increase in the average amplitude of diurnal 
variations in axial length (mean increase, 0.011 mm, range, 0.009 – 0.0135 mm) and 
choroidal thickness (0.0075 mm, range, 0.006 – 0.0095 mm) in the right eye, 
associated with hyperopic defocus on day 2 (Figure 5.9).  In the right eye, the mean 
acrophase of diurnal axial length (range, 11:04 - 11:25) and choroidal thickness 
(range, 22:55 - 23:10) variations were similar across all the three measurement 
days. For the left eye, with no defocus, the amplitude and phase of both rhythms 
were similar over the three days.  This analysis demonstrates that the diurnal 
variations in axial length and choroidal thickness are approximately in antiphase to 
each other across all the three days, as the difference in the mean acrophase of 
axial length and choroidal thickness was  close to 12 hours (11:41, 11:56 and 11:51 
(h:min)) for days 1, 2 and 3 respectively.
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Figure 5.9: Sine curve modelling of the mean changes in axial length (AL, top), choroidal 
thickness (CT, bottom) for measurement days 1 (baseline day), 2 (defocus day) and 3 
(recovery day) in the right (that was exposed to defocus on the second measurement day) 
eye.  Note the solid lines indicate the best fitting sine curve to the pooled data and the 
symbols illustrate the group mean change of each parameter at each measurement time 
(normalized to the mean).  Y axis scale indicates the normalised change in ocular biometric 
parameters (AL or CT), and X axis scale indicates measaurement session timings at each 
session (in hours). Error bars represent the standard error of the mean.         
Axial length (right eye) 
 Subfoveal choroidal thickness (right eye) 
  
215 
 
Table 5.5:  Summary of amplitude, acrophase and the root mean square (RMS) fit error from the sine curve modelling to the pooled data (normalized to the 
mean) for each of the three measurement days (day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the right (the eye that was 
exposed to defocus on the second measurement day) and left (the eye that was not exposed to defocus) eyes for the changes AL and CT.    
       
Measured  Variables 
 
Right Eye (Defocussed eye) 
 
Left Eye (Fellow eye – no defocus) 
Variables Days 
Mean Amplitude               
(Peak – Trough 
Difference) 
(95% confidence 
bounds) 
Mean Acrophase 
(Peak Time) (h:min) 
(95% confidence 
bounds) 
RMS 
Fit Error 
Mean Amplitude               
(Peak – Trough 
Difference) 
(95% confidence 
bounds) 
Mean Acrophase 
(Peak Time) (h:min) 
(95% confidence 
bounds) 
RMS 
Fit Error 
AL 
(mm) 
Day 1 (baseline) 0.016 (0.011 – 0.021) 11:25 (10:07 - 12:43) 0.008 0.014 (0.009 – 0.018) 11:15 (09:54 - 12:37) 0.007 
Day 2 (defocus) 0.028 (0.021 – 0.035) 11:06 (09:54 - 12:04) 0.011 0.014 (0.010 – 0.019) 11:21 (10:03 - 12:38) 0.007 
Day 3 (recovery) 0.018 (0.013 – 0.022) 11:04 (09:26 - 11:36) 0.007 0.015 (0.010 – 0.020) 11:05 (09:41 - 12:29) 0.008 
CT 
(mm) 
Day 1 (baseline) 0.015 (0.011 – 0.019) 23:06 (20:59 - 23:21) 0.006 0.016 (0.013 – 0.020) 22:41 (21:41 - 23:40) 0.006 
Day 2 (defocus) 0.022 (0.017 – 0.028) 23:10 (21:25 - 23:34) 0.009 0.016 (0.012 – 0.020) 23:13 (22:10 - 00:15) 0.006 
Day 3 (recovery) 0.014 (0.011 – 0.018) 22:55 (20:38 - 22:57) 0.006 0.013 (0.009 – 0.018) 22:51 (21:09 - 23:47) 0.006 
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5.3.8 Autorefraction 
Repeated measures ANOVA revealed that on day 2 (with hyperopic defocus), both 
the right (that was exposed to defocus) and the left eye (with no defocus) showed 
only small changes in refraction measures during binocular fixation of distance, 
intermediate and near targets, that were not statistically significant (p>0.05, 
fixation-day-time interaction) (Figure 5.10). Changes in autorefraction for the other 
two ‘no defocus’ days (days 1 and 3) were also found to be very small (~ 0.1 – 0.2 D) 
and not statistically significant in both right and left eyes (p>0.05, repeated-
measures ANOVA).  The average refraction measures for the intermediate (-1.29 ± 
0.63 D) and near (-2.52 ± 0.81 D) fixation targets were consistent with a small lag of 
accommodation for intermediate (0.37 ± 0.54 D) and near viewing (0.77 ± 0.65 D) 
across all three days. These findings indicate that the subjects accommodative 
behaviour was not significantly altered by the presence of monocular hyperopic 
defocus on day 2 compared to the no defocus conditions, suggesting that the right 
eye experienced the intended continuous hyperopic defocus throughout the day. 
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Figure 5.10: Mean objective refraction (n=11) for each of the three measurement days (5 
sessions each on day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) 
for measurement sessions 1, 2 and 5 in the right (exposed to hyperopic defocus on day 2, 
top) and all the five measurement sessions  in the left (the eye that was not exposed to 
defocus, bottom) eyes, during binocular fixation of distance (   , 6 m), intermediate (   , 
accommodative response to an intermediate target at 60 cm) , and near targets (   , 
accommodative response to a near target at 30 cm). Repeated measures ANOVA revealed 
no significant changes in objective refaction throughout the day on any of the three 
measurement days for diatnce, near and intermediate targets in both right and left eyes 
(p>0.05). Vertical error bars are standard error of the mean (SEM). Horizontal error bars are 
standars error in the mean time that the measurement was taken at each session (in 
hours).       
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5.4 Discussion 
This study demonstrates that exposing young adult human subjects to monocular 
hyperopic defocus leads to a significant change in the natural diurnal rhythms of 
axial length and choroidal thickness. Monocular hyperopic defocus resulted in a 
significant increase in the daily amplitude of change in axial length and choroidal 
thickness, but no change in the peak timing of the diurnal rhythms was evident. In 
Chapter 4, the diurnal rhythms in axial length and choroidal thickness of human 
eyes were found to be significantly influenced by myopic defocus. As an extension 
of this work, this study demonstrates for the first time that the natural diurnal 
rhythms in axial length and choroidal thickness of human eyes are also disrupted by 
the introduction of hyperopic defocus.   
 
A large number of previous animal studies have shown that imposing hyperopic 
defocus, through negative lenses results in a thinning of the choroid and a longer 
term increase in ocular growth rate, leading to myopia development (Irving et al., 
1992; Hung et al., 1995; Wallman et al., 1995; Wildsoet and Wallman, 1995; 
Graham and Judge, 1999). Our study adds to the evidence that imposing negative 
lens induced hyperopic defocus also causes changes in axial length and choroidal 
thickness of human eyes at least in the short term. In a recent study Read et al 
(2010d) reported small, but significant increase in axial length in response to short 
term (60 minutes) exposure to 3 D of hyperopic defocus in young adult humans.  
Our research shows that a smaller magnitude of monocular hyperopic defocus        
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(-2.00 DS) introduced for a longer period (~ 12 hours) of time also elicits a small, but 
significant change in human axial length.        
 
In Chapter 4, the introduction of monocular myopic defocus (+1.50 DS) was found 
to be associated with significant phase shifts (phase delay and phase advance in the 
diurnal rhythms of axial length and choroidal thickness respectively) in the peak 
timing of the daily rhythms in axial length and choroidal thickness of young adult 
human subjects. In the current study, with -2.00DS of hyperopic defocus, no change 
in the peak timing of the diurnal axial length and choroidal thickness rhythms were 
observed. Previous studies on chickens have also reported differences in the change 
in pattern of ocular diurnal rhythms in response to hyperopic defocus compared to 
myopic defocus (Nickla et al., 1998a; Papastergiou et al., 1998; Nickla, 2006). It 
should be noted that in the current experiment, the measurement sessions were 
performed at ~ 3 hourly intervals. Therefore, there is a possibility that the 
separation between the measurement sessions may not be close enough to detect 
a subtle change in the phase of ocular diurnal rhythms in response to hyperopic 
defocus. Future experiments with an increased number/frequency of measurement 
sessions (e.g. at 2 hourly intervals) are required to investigate subtle changes in 
diurnal rhythms associated with hyperopic defocus.    
 
On day 2 (defocus day), at the second measurement session (after 3 hours of 
exposure to monocular hyperopic defocus of -2.00 DS), the axial length was ~ 12 µm 
longer compared to the axial length on the two ‘no defocus days’ at the same 
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measurement session.  In Chapter 4, a significant reduction of ~ 14 μm in axial 
length, following 3 hours of exposure to myopic defocus of +1.50 DS was observed. 
An increase in axial length following 3 hours of hyperopic defocus in this study, and 
the decrease in axial length following 3 hours of myopic defocus observed in 
Chapter 4, suggests a bidirectional response of the human eye to optical defocus, 
consistent with the detection of both the presence and sign of defocus and a 
change in axial length that moves the retina towards the defocussed image plane.     
 
After a significant increase in axial length following 3 hours of exposure to 
hyperopic defocus (at the second measurement session), the eye did not continue 
to elongate for the rest of the day with hyperopic defocus in place. Instead, after 
the second measurement session, a reduction in the length of the eye was observed 
until the final measurement session (mean time, 21:00 pm) of the day, leading to a 
significant increase in the amplitude (peak-trough) of diurnal change in response to 
hyperopic defocus. This suggests that the introduction of hyperopic defocus does 
not abolish the natural diurnal rhythms in axial length. After 3 hours of defocus, the 
signal associated with the eye’s natural diurnal rhythm appears to override the 
signal associated with the hyperopic defocus, causing significant changes in the 
magnitude of natural diurnal rhythm of axial length associated with defocus.  
 
For both hyperopic defocus (examined in this chapter) and myopic defocus (Chapter 
4), the greatest response to defocus appears to have occurred 3 hours after the 
introduction of defocus (~ 12 pm) and was followed by an apparent reduction in the 
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response of the eye to defocus, and resumption of the typical diurnal pattern of 
change. This could be due to a reduction in the sensitivity of the eye to defocus 
after 3 hours or alternatively the eye may have reached its maximum response to 
defocus after 3 hours. Future experiments examining the effects of intermittent 
defocus, or altering the time of the day at which the defocus is introduced, or 
altering the magnitudes of defocus over the course of the day, or imposing a 
greater duration of defocus (i.e. > 1 day) may help us to better understand the 
relationship between the defocus response and ocular diurnal rhythms in human 
eyes.     
 
Subfoveal choroidal thickness was also influenced by hyperopic defocus. After 3 
hours of exposure to monocular hyperopic defocus on day 2, the subfoveal choroid 
was ~ 8 µm thinner compared to the thickness of the choroid on the other two days 
with normal vision. In Chapter 4, a significant thickening of the choroid by ~ 14 μm 
was observed following 3 hours of exposure to myopic defocus. Bidirectional 
changes in the thickness of the choroid in response to myopic and hyperopic 
defocus have been widely reported in avians (Wallman et al., 1995; Wildsoet and 
Wallman, 1995; Nickla et al., 1997), primates (Smith III and Hung, 1999; Troilo et al., 
2000) and in other mammals (Howlett and McFadden, 2009).  
 
In this study, diurnal variations in the subfoveal choroidal thickness were disrupted 
by the introduction of hyperopic defocus. Monocular hyperopic defocus resulted in 
a significant increase in the amplitude of diurnal change, but no change in the peak 
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timing of diurnal rhythms in choroidal thickness. Previous animal studies have also 
reported increases in the diurnal amplitude of change in choroidal thickness of eyes 
exposed to hyperopic defocus (Nickla et al., 1998a; Papastergiou et al., 1998; Nickla, 
2006). The timing of the diurnal peak in choroidal thickness has also been reported 
to be largely unaffected by the introduction of hyperopic defocus in chickens (Nickla 
et al., 1998a; Papastergiou et al., 1998; Nickla, 2006).  
 
Significant diurnal variations were also observed in the subfoveal choroidal 
thickness of our young human subjects. The pattern and magnitude of diurnal 
choroidal thickness variations on the two ‘no defocus’ days were similar to our 
previous observations on the diurnal variations in choroidal thickness of young 
human eyes using optical low coherence reflectometry (Chapter 2) and OCT 
(Chapter 4). On days 1 and 3 (with no defocus), the choroid was typically found to 
be thicker at night and thinner during the day. Thickening of the choroid at night 
corresponds closely with observations in other animal species (Papastergiou et al., 
1998; Nickla et al., 1998a; Nickla et al., 2001; Nickla et al., 2002).   
 
Significant diurnal variations were also observed in the thickness of the parafoveal 
choroid. These diurnal rhythms in the parafoveal choroid were significantly altered 
by the introduction of monocular hyperopic defocus, the magnitude and pattern of 
which were similar to the changes in the subfoveal choroid. Significant effects of 
monocular myopic defocus on the diurnal rhythms of parafoveal choroidal thickness 
in our previous study with myopic defocus were also found in Chapter 4. These 
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findings suggest that more peripheral locations of the choroid (up to 1.5 mm from 
foveal centre), outside the fovea are also sensitive to both hyperopic and myopic 
defocus.   
 
The changes in diurnal variations of axial length associated with hyperopic defocus 
were found to return to normal the following day, upon removal of the blur 
stimulus in young adult human eyes. Although some small differences (~ 7 μm) in 
the changes in axial length during the day between day 3 (recovery day) and day 1 
(baseline day with normal ocular rhythms) were observed, the overall mean 
amplitude and timing of axial length variations were comparable between the two 
days.  These results illustrate the transient nature of defocus induced ocular 
changes in young adult human subjects.  Further research is needed to determine 
the time course of recovery from other defocus stimuli (such as diffuse defocus), or 
larger magnitude and/or longer periods of optical defocus in human subjects of 
different age groups.    
 
In this study, no significant changes were found in the diurnal variations of the 
fellow (left) eye in response to 12 hours of monocular hyperopic defocus in the right 
eye of young adult humans. Similarly, in our previous study (Chapter 4), no 
significant crossover effects of a 12-hour period of monocular myopic defocus were 
found in the fellow eye.  Consistent with these findings, in a recent study, Read et al 
(2010d) also found no significant ocular effects of 60 minutes of monocular defocus 
in the fellow (untreated) eye of young human subjects, suggesting that ocular 
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changes associated with optical defocus in human eyes at least in the short term are 
a local ocular response and are confined only to the eye that is experiencing the 
optical blur. This is consistent with previous animal studies showing that the ocular 
response to defocus is a local retinal response (Wallman et al., 1987; Miles and 
Wallman, 1990; Smith III et al., 2009b), that does not require an intact optic nerve 
to mediate defocus-induced ocular growth (Wildsoet, 2003).   
 
In this study protocol, the hyperopic defocus was introduced monocularly to the 
right eye, while the left eye continued to have clear vision with no defocus. The 
level of hyperopic defocus experienced by the right eye will be influenced by the 
accommodation level and fixation preference of the subject. However, on the 
defocus day, only small changes were observed in the accommodative behaviour of 
subjects (for far, intermediate and near accommodative tasks), which were not 
statistically different to the accommodative responses observed for the no defocus 
conditions on days 1 and 3. Additionally, on day 2, diurnal variations of lens 
thickness and anterior chamber depth were not significantly altered with the 
presence of defocus.  These findings suggest that changes in axial length on the 
defocus day were not influenced by the changes in accommodation level, and the 
right eye was subjected to the intended amount of hyperopic defocus throughout 
the day.   
 
Previous studies indicate that imposing longer periods of hyperopic defocus in 
animal eyes is associated with an increase in ocular growth rate (Wildsoet and 
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Wallman, 1995; Wallman et al., 1995) as well as disruption in the natural diurnal 
rhythms of the eye (Nickla et al., 1998a; Papastergiou et al., 1998; Nickla, 2006) 
both leading to myopia. Therefore, our findings of a disruption in the natural ocular 
diurnal rhythms of human eyes in response to hyperopic defocus may carry 
significant implications for the potential role of hyperopic defocus in the 
development of myopia in human eyes. It is possible that smaller magnitudes of 
hyperopic defocus associated with normal visual tasks (e.g. lag of accommodation 
or ocular aberrations associated with near work) experienced over a longer period 
of time, may cause disruptions in the natural diurnal rhythms of axial length, 
potentially leading to the development of myopia in the longer term.  
 
In conclusion, this experiment has shown that the diurnal rhythms in axial length 
and choroidal thickness of young adult human eyes are significantly altered in their 
magnitude by the introduction of monocular hyperopic defocus. These changes 
return to normal upon removal of the blur stimulus. The initial response of the eye 
to hyperopic defocus (a relative increase in axial length and a thinning of the 
choroid) was different to the response observed with myopic defocus in Chapter 4 
(a relative decrease in axial length and a thickening of the choroid), indicating that 
the natural diurnal variations in axial length and choroidal thickness of human 
subjects are sensitive to both the presence and sign of imposed defocus. The 
changes in ocular diurnal rhythms with hyperopic defocus may carry significant 
implications for understanding the potential role of optical defocus in the regulation 
of longer term ocular growth and development of myopia in human eyes.       
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Chapter 6: Conclusion 
To improve our understanding of the natural ocular diurnal variations and the 
influence of optical stimuli on these variations in human axial length, this research 
programme examined the natural diurnal variations in axial length, the ocular 
components contributing to these variations and the influence of optical blur on 
diurnal rhythms of axial length in young adult human participants. Given the 
importance of axial length in determining refractive error, the findings from this 
research may have important implications for human refractive error development.   
 
6.1 Normal diurnal rhythms in ocular components  
In Chapter 2, significant diurnal variations in axial length, choroidal thickness, IOP 
and a range of other ocular biometric parameters including CCT, ACD and VCD were 
observed in young healthy human subjects. Figure 6.1 provides an overview of the 
average diurnal changes found in each of the ocular components measured.   
 
6.1.1 Diurnal variation in axial length 
The amplitude and timing of the diurnal variations in axial length observed were 
consistent with previous studies (Stone et al., 2004; Wilson et al., 2006; Read et al., 
2008). In normal human eyes, the longest axial length is typically observed during 
the day and the shortest axial length during the night.  
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There have been some previous reports of inconsistencies in the diurnal rhythms of 
axial length across subjects and between days of measurement (Stone et al., 2004; 
Wilson et al., 2006). However, these previous studies investigating diurnal changes 
in axial length have either involved measurements over a single 24 hour period 
(Read et al., 2008) or the measurements were obtained on two separate days, that 
were separated by weeks or months (Stone et al., 2004; Wilson et al., 2006).  
 
In our study, a similar pattern and magnitude of diurnal variation in axial length was 
observed over two consecutive days which indicates that axial length exhibits 
consistent diurnal variation between days, and suggests the inconsistencies 
observed by previous studies (Stone et al., 2004; Wilson et al., 2006) may have been 
partly influenced by longer term factors (e.g. seasonal variations). Previous studies 
have found seasonal variations in the rate of ocular elongation and progression of 
refractive errors in children (Fulk et al., 2002), however further research is required 
to understand the influence of seasonal changes upon ocular diurnal variations.   
  
The use of more comprehensive measurements of ocular biometrics in Chapter 2 
also provided the first evidence of significant diurnal variations in the vitreous 
chamber of human eyes.  A moderate positive correlation (r2 = 0.31) was observed 
between the changes in axial length and the vitreous chamber depth, largely due to 
similarities in the pattern of diurnal variation of the two rhythms (Figure 6.1). This 
suggests that the diurnal changes in axial length are primarily due to changes in the 
posterior segment of the globe (i.e. the vitreous chamber).  
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Figure 6.1: Mean change in axial length (AL), vitreous chamber depth (VCD), central corneal thickness (CCT), anterior chamber depth (ACD), choroidal 
thickness (CT) and intraoculr pressure (IOP) for five sessions over a single day (averaged across two consecutive days). All values expressed as the average of 
the mean change in axial length for ten sessions across two measurement days (from Chapter 2). Vertical error bars are standard error of the mean (SEM). 
Horizontal error bars are standars error in the mean time that the measurement was taken at each session (in hours).        
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As axial length is the primary biometric determinant of refractive error, diurnal 
variations in axial length could be associated with refractive error. However, no 
previous study has prospectively examined the potential differences in the 
magnitude and timing of diurnal axial length variations between myopic and 
emmetropic human subjects. Diurnal variations in axial length and choroidal 
thickness were not found to be significantly different between our populations of 
young adult myopes and emmetropes (Chapter 2). Previous animal studies have 
shown differences in the natural ocular diurnal variations between older adolescent 
eyes and young juvenile eyes of primates (Nickla et al., 2002), and have also shown 
that refractive error development influences diurnal rhythms with the magnitude of 
the phase difference between axial length and choroidal thickness being associated 
with the ocular growth rate (Nickla, 2006). The lack of association with refractive 
error observed in our study could be associated with the age of our young adult 
human subjects, with a relatively slower progression rate of myopia. Additional 
research examining younger human participants, whose eyes are growing more 
rapidly, may provide further insight into the association between diurnal rhythms 
and eye growth.  
 
6.1.2 Diurnal variation in choroidal thickness  
Chapter 2 provided the first prospective evidence of significant diurnal variations in 
choroidal thickness of human eyes, with the choroid typically being thickest at night 
and thinnest during the day (Figure 6.1).  The mean amplitude of diurnal change in 
choroidal thickness of ~ 30 μm in normal eyes (Chapter 2, 4 and 5) was within the 
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range of  ~ 30 – 60 μm reported by previous studies using different measurement 
methods (Brown et al., 2009; Tan et al., 2012, Usui et al., 2012) (Table 6.1). Whilst 
no significant association was observed between refractive error and diurnal 
choroidal thickness rhythms in Chapter 2, a recent study by Tan and colleagues 
(2012) reported that myopes exhibit (n=12) significantly smaller diurnal variation in 
choroidal thickness compared to that of emmetropes. This difference between the 
two studies could be related to the age of the subjects (mean age, 30 vs 25 years in 
our study), instruments (OCT vs OCLR in our study), measurement timings (9 am to 
5 pm vs 9 am to 9 pm in our study) or the definition of myopia (≥ -0.50 D vs ≥ -1.00 
D in our study) used in these studies. Our results also correspond closely with 
previous research on other animal species, where the choroid is also typically found 
to be thicker at night and thinner during the morning in normal animals (Table 6.1).   
 
Previous studies of diurnal rhythms of choroidal thickness in human eyes have only 
examined subfoveal measures.  In Chapters 4 and 5, the normal diurnal variations of 
choroidal thickness in parafoveal regions (up to 1.5 mm in both nasal and temporal 
regions from the foveal center) were examined for the first time, and choroidal 
regions peripheral to the fovea were also found to exhibit significant diurnal 
variations. The magnitude and timing of diurnal rhythms in parafoveal choroidal 
thickness was similar to that observed in the subfoveal choroidal thickness 
measures.  However, the natural diurnal rhythms in more peripheral choroidal 
regions (> 1.5 mm on either side of the fovea) were not studied and require further 
investigation.   
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6.1.3 Ocular components underlying the normal diurnal variation in axial length 
In Chapter 2, a significant negative association was observed between the normal 
diurnal variations in axial length and choroidal thickness. A negative association 
between the diurnal changes in these two parameters is consistent with previous 
observations on human eyes (Brown et al., 2009; Tan et al., 2012). In normal eyes, 
the average timing of the shortest axial length tends to coincide with the average 
timing of the thickest choroid (approximately antiphase). Previous studies on birds 
(Nickla et al., 1998a; Papastergiou et al., 1998) and mammals (Nickla et al., 2002) 
have also reported nocturnal thickening of the choroid (Table 6.1). As axial length is 
defined as the distance from the anterior surface of the cornea to the RPE, and the 
retina is surrounded by the choroidal layer, it follows that changes in the thickness 
of the choroid may directly lead to changes in the eye’s axial length.    
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Table  6.1: Comparison of average peak timings and phase differences between the diurnal axial length and choroidal thickness rhythms from the sine curve fitting 
(with a period of 24 hours) for normal eyes  between avians (chickens), primates (marmosets) and humans.   
    
Species Studies Instruments Component Average peak (h:min) 
Phase 
difference 
(h.min) 
Phase 
description 
Additional comments 
Chickens 
 
Nickla et al 
(1998) 
A-scan 
ultrasonography 
Axial length 
Choroidal Thickness 
15:30 
0.00 
8.5 
Approximate
ly anti-phase 
 
Nickla et al 
(2001) 
A-scan 
ultrasonography 
Axial length 
Choroidal Thickness 
15:30 
0:00 
8.5 
Approximate
ly anti-phase 
 
Nickla (2006) 
A-scan 
ultrasonography 
Axial length 
Choroidal thickness 
16:30 
2:00 
9.5 
Approximate
ly anti-phase 
 
Marmosets Nickla (2002) A-scan 
ultrasonography 
Axial length (Juvenile) 
Choroidal thickness(Juvenile) 
Axial length (Adolescent) 
Choroidal thickness (Adolescent) 
 Light phase (06:00- 18:00) 
Dark phase (18:00-06:00) 
Dark phase (18:00-06:00) 
Dark phase (18:00-06:00) 
12.0 
 
0.0 
Anti-phase 
 
In-phase 
Measurements performed 6 
hourly (at 6 am and 6 pm).  
Humans 
 
Brown et al 
(2009) 
Retrospective 
PCI analysis 
Axial length 
Choroidal thickness 
12:00 
19:00 
7.00 
Approximate
ly anti-phase  
Consistent axial length and 
choroidal thickness data 
available for only 4 subjects. 
Tan et al 
(2012) 
SD-OCT 
Axial length 
Choroidal thickness 
Not presented 
09:00 
- - 
Negative correlation between 
diurnal variations in axial length 
and choroidal thickness. 
Usui et al 
(2012) 
SD-OCT 
Axial length 
Choroidal thickness 
Not measured 
03:00 
- -  
Chapter 2,4 
and 5 
OCLR/OCT  
Axial length 
Choroidal Thickness 
11:27 
23:10 
11.43 Anti-phase  
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In Chapter 2, although the association between the changes in axial length and 
choroidal thickness was significant, it was not strong (r2 = 0.13). This may be related 
to the relatively larger within-session variability associated with the choroidal 
thickness measurements obtained from the Lenstar instrument (that involves 
subjective estimation of peaks in the A-scan data). A stronger association between 
the two variables was observed in Chapters 4 and 5, where choroidal thickness was 
measured with more precise OCT methods, supports the notion that the lower 
repeatability of the choroidal thickness measurements in Chapter 2 may have 
influenced the observed relationship between axial length and choroidal thickness.    
 
A significant positive, but relatively weak (r² = 0.17), association was observed 
between the diurnal changes in axial length and IOP (Chapter 2). The timing and 
magnitude of diurnal IOP rhythms that were observed in our population of healthy 
adult eyes in Chapter 2 are consistent with a number of previous studies of similar 
populations (Drance, 1960; Wilensky, 1991; David et al., 1992; Pointer, 1997; Liu et 
al., 1998, 2003). However, our data lacked a strong trend for subjects exhibiting 
larger magnitudes of change in IOP to also exhibit greater amplitudes of change in 
axial length, suggesting that the two rhythms may not be causally related, and the 
association observed between the two variables is potentially due to the proximity 
in the peak timings of their diurnal rhythms (phase difference, ~ 1.5 hours). The fact 
that in Chapters 4 and 5, the diurnal axial length rhythms showed evidence of 
change in response to defocus but the rhythms in IOP were not significantly 
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influenced by defocus, further supports the notion that the two rhythms are not 
causally related.  
 
In summary, the diurnal variations in axial length appear to be associated with 
diurnal changes in both choroidal thickness and IOP of human eyes. Although both 
IOP and choroidal thickness were significantly associated with the variations in axial 
length, the total strength of these associations was relatively weak, on average, 
accounting for only ~ 30% of the total variations in eye length. This suggests that 
there may be other factors (such as changes in scleral thickness, or morphology) 
involved in the diurnal axial length rhythms.  
 
6.1.4 Diurnal variation in the normal ocular optics 
Given that the diurnal changes in axial length could be associated with the changes 
in the optical quality of the eye, in Chapter 3 the diurnal variations in ocular optics 
(both lower-order and higher-order ocular aberrations) over two 2 days was also 
examined. Significant diurnal variations were observed only in the best sphere 
refraction (power vector M, with a small myopic shift occurring towards the end of 
the day) and in the spherical aberration  of the eye. Whist previous studies 
have also reported a similar myopic shift in objective refraction over the course of 
the day for normal eyes (Seiler et al., 1992; Twa et al., 2000), the magnitude of 
diurnal fluctuations in most of the higher-order (third and fourth order Zernike) 
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aberrations are known to be relatively small, and clinically insignificant (Mierdel et 
al., 2004; Srivannaboon et al., 2007).   
 
No significant association was observed between the diurnal variations in axial 
length and spherical refraction or spherical aberration  of the eye, indicating 
that diurnal changes in the eye’s normal optics do not appear to significantly 
influence the diurnal variations in eye length (or vice-versa). However, recent 
studies have reported significant changes in axial length associated with a short 
period of imposed myopic or hyperopic optical defocus in human eyes, which 
suggests that greater magnitude of changes in ocular optics throughout the day 
could potentially influence the diurnal axial length variations. In Chapter 3, no 
significant differences were observed in the magnitude and timing of diurnal 
variations in both lower-order and higher-order optics between young myopic and 
emmetropic human subjects.  
 
6.2 Effects of defocus on diurnal variations in axial length and choroidal thickness  
In Chapters 4 and 5, the influence of monocular optical defocus upon diurnal 
variations of axial length and choroidal thickness was examined. Exposing young 
adult human eyes to monocular myopic (Chapter 4) and hyperopic (Chapter 5) 
optical defocus led to a significant disruption in the diurnal variations of both axial 
length and choroidal thickness. Although these are the first investigations of the 
influence of optical defocus upon diurnal rhythms in human eyes, our results are 
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generally consistent with the findings in other animals where diurnal fluctuations in 
axial length and choroidal thickness were also disrupted by optical defocus (Table 
6.2).   The introduction of monocular myopic defocus was found to be associated 
with significant reductions in the mean amplitude of diurnal change in both axial 
length and choroidal thickness (Chapter 4).  Myopic defocus also led to significant 
phase shifts in the peak timing of the diurnal rhythms in both parameters, with a 
significant phase delay in the diurnal rhythm of axial length, and a significant phase 
advance in the diurnal rhythm of choroidal thickness (Chapter 4).  On the other 
hand, the introduction of monocular hyperopic defocus resulted in a significant 
increase in the amplitude of diurnal change, but no change in the peak timing of 
diurnal rhythms in axial length and choroidal thickness (Chapter 5).    
 
A large body of previous work on animal models have shown that eye growth and 
choroidal thickness can be influenced by optical defocus. Our results (Chapter 4 and 
5) confirm that optical defocus can also influence axial length and choroidal 
thickness in human eyes. These findings are consistent with recent reports of 
bidirectional changes in axial length in response to short-term (60 minutes) myopic 
and hyperopic defocus (+/- 3 DS) in young adult human subjects (Read et al., 
2010d). However, our studies significantly extend our knowledge of the response of 
the human eye to optical defocus, by showing that human eyes are also sensitive to 
smaller magnitudes of myopic (+1.50 DS, Chapter 4) and hyperopic (-2.00 DS, 
Chapter 5) defocus imposed over longer periods of time (12 hours).   
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Table  6.2: Comparison of average peak timings and phase differences between the axial length and choroidal thickness rhythms derived from the sine curve 
fitting (with a period of 24 hours) for myopic and  hyperopic defocus conditions between avians (chickens) and humans.  
   
Conditions Studies/Species Method Component 
Average 
peak (h:min) 
Phase 
difference 
(h.min) 
Phase description 
Hyperopic 
defocus 
Nickla et al 
(1998)/Chickens 
Form-deprivation (FD) 
Axial length 
Choroidal Thickness 
14:00 
2:30 
11.5 Anti-phase 
Nickla (2006)/Chickens 
 
FD 
Axial length 
Choroidal thickness 
15:00 
0.00 
9 
Approximately anti-
phase 
Negative lenses 
Axial length 
Choroidal thickness 
16:00 
2:30 
10.5 
Approximately anti-
phase 
Recovery from positive 
lens wear 
Axial length 
Choroidal thickness 
16:00 
2:00 
10 
Approximately anti-
phase 
Chapter 5/Humans Negative lenses 
Axial length 
Choroidal Thickness 
11:06 
23:10 
11.56 Anti-phase 
Myopic defocus 
Nickla et al 
(1998)/Chickens 
Recovery from FD 
Axial length 
Choroidal thickness 
20:00 
20:00 
0 In-phase 
Nickla (2006)/Chickens 
 
Recovery from FD 
Axial length 
Choroidal thickness 
15:00 
15:00 
0 In-phase 
Positive lenses 
Axial length 
Choroidal thickness 
18:30 
20:30 
2 In-phase 
Recovery from 
negative lens wear 
Axial length 
Choroidal thickness 
16:30 
19:45 
3.25 
Approximately    in-
phase 
Chapter 4/Humans Positive lenses 
Axial length 
Choroidal Thickness 
18:41 
10:27 
8.14 
Approximately anti-
phase 
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In Chapters 4 and 5, after ~ 3 hours of exposure to defocus, a significant decrease in 
axial length was found to occur with exposure to myopic defocus (Chapter 4) and a 
significant increase in axial length with exposure to hyperopic defocus (Chapter 5) 
compared to the natural diurnal changes with no defocus. These bidirectional 
changes in axial length in response to hyperopic and myopic defocus are consistent 
with the human visual system detecting the presence and sign of imposed defocus 
and altering axial length to move the retina towards the defocussed image plane. 
 
Whilst a significant decrease and increase in axial length was observed following 3 
hours of exposure to myopic (Chapter 4) and hyperopic defocus (Chapter 5) 
respectively, the eye did not continue to show the same trend for the rest of the 
day under the influence of defocus.  Instead, a small increase in axial length was 
observed until it reached a peak in the evening (peak time, ~ 6 pm) causing a 
reduction in the diurnal amplitude, and a shift in the peak timing of the diurnal 
rhythm in axial length in response to myopic defocus (Chapter 4); and an increased 
amplitude of diurnal change in axial length in response to hyperopic defocus 
(Chapter 5) due to a reduction in the length of the eye from midday, after reaching 
its peak, through to the final session at night. This suggests that the introduction of 
defocus does not abolish the natural diurnal rhythms in axial length. After the first 3 
hours of exposure to defocus, the signal associated with the eye’s natural diurnal 
rhythm appears to override the signal associated with the defocus and the eye 
appears to resume its natural diurnal rhythms.  
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It is possible based on these findings that the eye exhibits its maximum response to 
defocus after ~ 3 hours of imposing defocus, and the sensitivity of the eye to 
defocus progressively declines after 3 hours in young adult human subjects. 
However, it should be noted that in both experiments (Chapters 4 and 5), the 
measurement sessions were performed at ~ 3 hourly intervals. Therefore, there is a 
possibility that the separation between the measurement sessions before and after 
the peak response (i.e. 9 am and 3 pm) may not be close enough to detect a subtle 
change in the magnitude or timing of axial length variation in response to defocus. 
Future experiments examining the effects of intermittent defocus, or altering the 
time of the day at which the defocus is introduced, or an increased 
number/frequency of measurement sessions (e.g. at 2 hourly intervals) or imposing 
a greater duration of defocus (i.e. > 1 day) may help us to better understand the 
relationship between defocus response and ocular diurnal rhythms in human eyes.      
 
In Chapter 4 and 5, after ~ 3 hours of exposure to monocular myopic and hyperopic 
defocus, the subfoveal choroid was found to be significantly thicker and thinner 
respectively, compared to normal choroidal thickness. A thickening of the choroid 
associated with periods of myopic defocus and a thinning in response to hyperopic 
defocus, has been widely noted in a variety of animal species including avians, 
primates and mammals, and very recently in humans (Read et al., 2010d). Chapters 
4 and 5 demonstrate for the first time, the influence of defocus on the natural 
diurnal rhythms in choroidal thickness of human eyes. The disruption in the natural 
diurnal rhythms of choroidal thickness, and changes in the peak timing of the 
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diurnal choroidal thickness rhythms associated with myopic and hyperopic defocus 
(Chapters 4 and 5) were in agreement with previous studies on chickens (Table 6.2).  
 
For the first time, these studies also reported the influence of defocus on the 
parafoveal choroidal thickness of human eyes. The magnitude and timing of diurnal 
fluctuations in the parafoveal choroidal thickness associated with myopic and 
hyperopic defocus were similar to that observed in the subfoveal choroidal 
thickness measures. Our studies have shown that both central and more peripheral 
locations of the choroid are sensitive to defocus induced changes.  
 
In Chapters 4 and 5, no significant changes were found in the diurnal rhythms of the 
fellow, untreated eye associated with 12 hours of monocular myopic (Chapter 4) 
and hyperopic (Chapter 5) defocus in young adult humans. In a recent study, Read 
et al (2010d) also found no significant ocular effects of 60 minutes of monocular 
defocus in the fellow (untreated) eye of young human subjects, suggesting that 
ocular changes associated with optical defocus in human eyes are a local ocular 
response and are confined only to the eye that is experiencing the optical blur. This 
is consistent with previous animal studies showing that ocular response to defocus 
is a local retinal response (Wallman et al., 1987; Miles and Wallman, 1990; Smith et 
al., 2009), and do not require an intact optic nerve (or retina-brain link) to mediate 
these defocus-induced ocular changes (Wildsoet, 2003). However, given some 
previous reports of interocular yoking effects of defocus in chickens (Wildsoet and 
Wallman, 1995; Schmid and Wildsoet, 1996) and primates (Hung et al., 1995), 
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investigating contralateral ocular effects of other defocus stimuli (such as diffuse 
defocus), or larger magnitudes of defocus imposed over a longer period of time, 
appear warranted.     
  
In Chapters 4 and 5, the recovery from any defocus induced changes in human eyes 
was also examined for the first time.  The influence of both myopic (Chapter 4) and 
hyperopic (Chapter 5) defocus on ocular diurnal variations were found to be 
transient in nature, as the changes in the diurnal rhythms of axial length and 
choroidal thickness return to normal the following day, after removal of the defocus 
stimulus in young adult human eyes. However, further research is needed to 
determine the time course of recovery from other defocus stimuli (such as diffuse 
defocus), or larger magnitude and/or longer periods of optical defocus induced 
ocular changes in human subjects of different age groups.    
 
 6.2.1 Comparison between hyperopic and myopic defocus 
Whilst these results clearly demonstrate the influences of myopic (Chapter 4) and 
hyperopic (Chapter 5) defocus on the diurnal rhythms in axial length and choroidal 
thickness of human eyes, these experiments were performed at different times of 
the year, on slightly different populations of subjects, with different proportions of 
male and female participants, using different magnitudes of defocus. In order to 
allow more direct comparisons between the myopic and hyperopic defocus induced 
changes, an additional repeated measures ANOVA with three within-subjects 
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factors (blur condition, day of measurement and time of day) was performed for the 
subgroup of 7 subjects (6 males and 1 female) who participated in both experiments 
(Figure 6.2).  
 
This analysis revealed that axial length underwent significant diurnal variation over 
the course of the day on each measurement day (p<0.0001). The magnitude and 
pattern of these diurnal changes in axial length were significantly different between 
the myopic and hyperopic defocus conditions (p<0.001, blur-day-time interaction, 
repeated measures ANOVA). In this subgroup of 7 subjects,  the longest axial length 
was observed approximately 6 hours later in the day (mean time ~ 6 pm) under the 
influence of myopic defocus, and the timing of the peak in axial length occurred was 
midday (mean time ~ 12 pm) with the hyperopic defocus condition.  On normal days 
with no defocus, the peak in axial length was also observed close to midday (mean 
time ~ 12 pm). The mean amplitude of change in axial length (peak to trough 
difference) was also significantly different between the two defocus conditions 
(0.040 ± 0.007 and 0.017 ± 0.010 mm for the hyperopic and myopic defocus 
respectively) (p<0.001). Pairwise comparisons revealed significant differences 
(p<0.05) in the changes in axial length at the second (mean time, 12:16) and fifth 
(mean time, 20:58) measurement sessions between the two defocus conditions.   
 
The largest difference between the two defocus conditions was observed in the 
second measurement session (after 3 hours of exposure to defocus), where the eye 
was significantly longer by 0.027 ± 0.003 mm in response to hyperopic defocus 
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compared to myopic defocus (p=0.004).  Except for the fifth measurement session 
(mean time, 21:02) on the recovery day (day 3, p=0.047), no significant differences 
(p>0.05) were observed in any of the axial length measures on the baseline (day 1) 
and recovery days between the myopic and hyperopic defocus conditions. The 
results from this analysis highlight that the diurnal variations in axial length of 
human subjects are sensitive to both the presence and sign of imposed defocus, 
exhibiting different responses (in terms of both magnitude and timing) to imposed 
myopic and hyperopic defocus. Future studies are required to examine the 
influence of different magnitudes of defocus on ocular diurnal rhythms in human 
eyes.    
 
Significant diurnal variations were also observed in the subfoveal choroidal 
thickness of the subgroup of 7 subjects (p=0.002). The magnitude and pattern of 
diurnal variations in the subfoveal choroid were also significantly different between 
the myopic and hyperopic defocus conditions (p=0.024, blur-day-time interaction, 
repeated measures ANOVA). Following the introduction of myopic defocus, the 
timing of the occurrence of the thickest choroid occurred ~ 9 hours earlier in the 
day (mean time ~ 12 pm), whereas there was no significant change in the peak 
timing of the choroidal thickness variation in response to hyperopic defocus, with 
the choroid typically being thickest at night, similar to normal days with no defocus 
(peak timing ~ 9 pm) (Figure 6.2). 
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Figure 6.2: Mean change in AL (n=7, top)  and Subfoveal CT (n=7, bottom) for each of the 
three measurement days (5 sessions each on day 1 the baseline day, day 2 the defocus day 
and day 3 the recovery day) in the right eye (exposed to defocus on day 2), for both the 
myopic and hyperopic defocus  conditions. In order to highlight the diurnal variations on 
each day, all values are expressed as the difference from the baseline (first measurement 
session) on each day. Vertical error bars are standard error of the mean (SEM). Horizontal 
error bars are standars error in the mean time that the measurement was taken at each 
session (in hours).       
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The mean amplitude of change in subfoveal choroidal thickness (peak to trough 
difference) was also significantly different between the myopic (0.023 ± 0.007 mm) 
and hyperopic (0.035 ± 0.008) defocus conditions (p=0.015). Pairwise comparisons 
showed that at the second measurement session (3 hours after the introduction of 
defocus), the subfoveal choroid was 0.023 ± 0.007 mm thinner in response to 
hyperopic defocus compared to myopic defocus (p=0.021). There were no 
significant differences between the subfoveal choroidal thickness measures on the 
days 1 and 3 (both with no defocus) for the two defocus experiments (p>0.05, for all 
pairwise comparisons).   
 
Given that a large body of previous animal research suggests that retinal blur can 
alter ocular growth, our findings of significant disruption in the natural diurnal 
rhythms of axial length in response to optical defocus have implications for the role 
of retinal blur in ocular growth and refractive error development in human eyes. 
Animal studies indicate that normal eye growth is characterized by a natural pattern 
of diurnal variation in eye growth (with greater ocular growth being observed 
during the day when the choroid is thinner), and retinal defocus causes a disruption 
of these natural ocular diurnal rhythms and the development of refractive errors.  
Our findings therefore leave open the possibility that small magnitudes of retinal 
image defocus experienced over longer periods of time during normal eye 
development (e.g., ocular aberrations or lag of accommodation associated with 
longer periods of near work), may alter the natural diurnal rhythms in axial eye 
length and potentially lead to the longer term development of refractive errors.   
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A potential model whereby optical defocus induced changes in ocular diurnal 
rhythms could result in refractive error development is illustrated in Figure 6.3.  We 
speculate that the normal magnitude and timing of diurnal rhythms in axial length 
and choroidal thickness is required to maintain normal ocular growth homeostasis.  
A thickening of the choroid during the day associated with periods of myopic 
defocus (Chapter 4) could potentially result in a decreased diffusion of growth 
factors from the retina to the sclera (Nickla and Wallman, 2010), which in the longer 
term may lead to a reduced scleral growth rate causing a hyperopic refractive error. 
On the other hand, an excessive thinning of the choroid during the day associated 
with hyperopic defocus (Chapter 5) could potentially cause an increase in the 
diffusion of growth factors from the retina to the sclera, which may in the longer 
term lead to an enhanced scleral growth rate resulting in a myopic eye growth.   
 
6.3 Future research directions  
The results of the experiments described in this thesis have shown significant 
diurnal variations in axial length, explored the ocular components underlying these 
changes, and examined the influences of both myopic and hyperopic defocus on 
these diurnal rhythms in young adult human subjects. However, the total daily 
change observed in axial length cannot be explained completely by the changes in 
factors examined in our studies (such as IOP, choroidal thickness and ocular optics). 
Therefore, future studies on a large population of subjects are required to examine 
other factors such as changes in scleral thickness (e.g. due to changes in scleral 
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proteoglycan synthesis) that may also undergo significant diurnal variations, and 
could influence the axial length rhythms.   
 
In our study, diurnal variations in axial length and choroidal thickness were not 
found to be significantly different between our populations of young adult myopes 
and emmetropes (Chapter 2). Given the evidence of differences in the magnitude 
and timing of ocular diurnal variations between younger juvenile eyes and older 
adolescent eyes in other animals, future studies on larger populations are required 
to determine whether younger, faster growing myopic subjects exhibit differences 
in their diurnal axial length and choroidal thickness rhythms to those of 
emmetropes. This future research will provide further insights into the importance 
of ocular diurnal variations in human refractive error development.   
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Figure 6.3:  Illustration of a potential model for the role of ocular diurnal rhythms in normal ocular growth and refractive error development due to alteration in the ocular 
diurnal variations in the choroid and axial length in human eyes.  
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This work shows for the first time that introduction of monocular myopic and 
hyperopic defocus disrupts the natural diurnal rhythms in axial length and choroidal 
thickness of young adult human eyes and that these changes are transient in 
nature, and return to normal the day following removal of the defocus. Previous 
animal studies have also provided evidence of changes in axial length and choroidal 
thickness through disruption of form vision through the use of lid suture or 
translucent diffusers. This opens up the possibility for future research to examine 
the influence of other defocus stimuli (e.g. diffuse defocus or other more complex 
optical stimuli) on diurnal ocular rhythms, which will provide further insights in to 
the potential role of defocus in the regulation of eye growth and refractive error 
development in human eyes.  
 
This research also examined the parafoveal choroidal thickness and found that 
choroidal regions peripheral to the fovea also exhibit significant diurnal variations 
that are influenced by both hyperopic and myopic defocus. Given the role of 
peripheral defocus in refractive error development in animals (Smith et al 2005; 
Smith et al., 2009), more comprehensive studies are required to explore peripheral 
ocular changes in response to other optical defocus stimuli such as diffuse defocus, 
larger magnitudes of central defocus, or peripheral defocus using multifocal contact 
lenses in human eyes.   
 
In both Chapters 4 and 5, the effects of defocus on the diurnal variations in axial 
length and choroidal thickness were examined over a period of 12 hours, with the 
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first measurement at ~ 9 am and the final measurement at ~ 9 pm. The maximum 
change in both parameters associated with defocus was found to occur after ~ 3 
hours of exposure to defocus, which was followed by a reduction in the sensitivity 
of the eye to defocus. However, it should be noted that in both experiments, the 
measurement sessions were performed at ~ 3 hourly intervals. Therefore, there is a 
possibility that the separation between the measurement sessions before and after 
the peak response (i.e. 9 am and 3 pm) may not be close enough to detect a subtle 
change in the magnitude or phase of axial length change in response to defocus. 
Future experiments examining the effects of; intermittent defocus, altering the time 
of the day at which the defocus is introduced (e.g. introducing defocus at 12 pm and 
examining it through to 12 am), altering the magnitudes of defocus over the course 
of the day, an increased number/frequency of measurement sessions (e.g. at 2 
hourly intervals) or imposing a greater duration of defocus (i.e. > 1 day) may help us 
to better understand the relationship between defocus response and ocular diurnal 
rhythms in human eyes.    
 
This research project has shown that axial length undergoes significant diurnal 
variation in young adult myopic and emmetropic human eyes. The diurnal variations 
in choroidal thickness and IOP were also found to be significantly associated with 
these diurnal changes in axial length. Consistent with previous studies on animals, 
this research has also shown for the first time that imposing myopic and hyperopic 
optical defocus leads to a significant disruption in the diurnal rhythms of axial 
length and choroidal thickness of human eyes. The natural diurnal rhythms in axial 
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length and the alterations in these rhythms with defocus may represent potential 
underlying mechanisms in the human eye that could be involved in the regulation of 
longer term eye growth.           
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Appendices 
Appendix 1: Ethics 
Following are the research ethics information sheets and consent forms used in 
each of the experiments.  
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Description 
This study is being undertaken as part of a Masters of Applied Science by Research project by 
Mr. Ranjay Chakraborty. Previous research indicates small rhythmic variations in eye length 
and the eye’s internal pressure (intraocular pressure) occur throughout the day. We aim to 
investigate whether young short-sighted individuals exhibit differences in the pattern of 
these short term eye length variations, compared to non-short-sighted individuals. We also 
seek to investigate the possible relationship between the short term eye variations and long 
term eye growth leading to short-sightedness (myopia). Short term eye length changes and 
myopia in human eyes is a novel area of research that has not been explored previously. We 
hope this work will lead to a better understanding of the role of short term eye length 
variations in myopia development. 
Participation 
In this study, the measurements will be collected over two consecutive days. On each day, 
five measurement sessions will be carried out approximately every three hours, with the first 
measurement at approximately 9–10 am and the final measurement at approximately 9–10 
pm. Testing will involve standard clinical measurements of intraocular pressure, eye length 
and aberrations of the eye and blood pressure at regular intervals of time. You will also be 
asked to report to the research team upon your daily visual activities (e.g. amount of reading 
performed) prior to the measurement session. An optical biometer (the Lenstar) will be used 
to measure the length of your eye, and a non-contact tonometer instrument will be used to 
 
PARTICIPANT INFORMATION for QUT RESEARCH PROJECT 
“Short-term Ocular Variations in Myopes and Emmetropes” 
Research Team Contacts 
Mr Ranjay Chakraborty – Student                        Dr Scott Read – Supervisor                            Prof Michael Collins – Supervisor 
              Schoo l of Optometry  –   Faculty of He alth  –  Queensland University of Technology  
Phone:   07 3138 5709 Phone:   07 3138 5714 Phone:   07 3138 5702 
Email: ranjay.chakraborty@student.qut.edu.au Email:  sa.read@qut.edu.au Email: m.collins@qut.edu.au 
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measure your intraocular pressure.  You will be asked to look into each of the instruments as 
they take their measurements. All the instruments i.e. the Lenstar, tonometer, wave front 
sensor and the blood pressure monitor are standard clinical instruments that pose no risk to 
the health of your eyes. Prior to the experiments, we will conduct a screening examination 
to determine your suitability for the study and ensure that your eyes are healthy.   
All the participants in this study will be provided with meals over the course of their 
involvement in the study. As some of the measurements are performed at night, campus 
security escorts will be arranged if required/requested.  
Each measurement session will take approximately 7–10 minutes. All measurements will be 
conducted at the School of Optometry (O Block, Kelvin Grove Campus) at QUT.   
Your participation in this project is voluntary. If you do agree to participate, you can withdraw 
from participation at any time during the project without comment or penalty. Your decision to 
participate will in no way impact upon your current or future relationship with QUT. 
Expected benefits 
It is expected that this project will not benefit you directly. However, results from this study 
will improve our knowledge of the factors that can influence the length of the eye and may 
aid in our understanding of the causes of short-sightedness. 
Risks 
There are no greater risks in this study than those associated with your routine eye 
examinations.  The instruments used to measure your eye are all standard clinical instruments 
and do not touch your eyes. 
Confidentiality 
The research data we gather from the experiments will not personally identify you by name, or 
in any way that allows you to be identified. Any publication of data arising from this research will 
use a code system which does not identify you personally. The data will be stored securely in the 
School of Optometry. 
Consent to Participate 
We would like to ask you to sign a written consent form (enclosed) to confirm your agreement 
to participate. 
Questions / further information about the project 
Please contact the researcher team members named above to have any questions answered or 
if you require further information about the project. 
Concerns / complaints regarding the conduct of the project 
QUT is committed to researcher integrity and the ethical conduct of research projects.  However, 
if you do have any concerns or complaints about the ethical conduct of the project you may 
contact the QUT Research Ethics Coordinator on +61 7 3138 5123 or ethicscontact@qut.edu.au. 
The Research Ethics Coordinator is not connected with the research project and can facilitate a 
resolution to your concern in an impartial manner. 
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Research Team Contacts 
Mr Ranjay Chakraborty – Student                      Dr Scott Read – Supervisor                       Prof Michael Collins – Supervisor 
              School of Optometry  –   Faculty of He alth  –  Queensland University of Technology  
Phone:   07 3138 5709 Phone:   07 3138 5714 Phone:   07 3138 5702 
Email: ranjay.chakraborty@student.qut.edu.au Email:   sa.read@qut.edu.au Email: m.collins@qut.edu.au 
  
 
Statement of consent 
 By signing below, you are indicating that you: 
 have read and understood the information document regarding 
this project 
 have had any questions answered to your satisfaction 
 understand that if you have any additional questions you can 
contact the research team 
 understand that you are free to withdraw at any time, without 
comment or penalty 
 understand that you can contact the Research Ethics 
Coordinator on +61 7 3138 5123 or ethicscontact@qut.edu.au 
if you have concerns about the ethical conduct of the project 
 agree to participate in the project 
 
Name  
Signature  
Date  /  /   
 
 
CONSENT FORM for QUT RESEARCH PROJECT 
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PARTICIPATE IN RESEARCH 
Information for Prospective Participants 
The following research activity has been reviewed via QUT arrangements for the conduct of research involving human participation.  
If you choose to participate, you will be provided with more detailed participant information, including who you can contact if you have any 
concerns. 
Short-term Ocular Variations in Myopes and Emmetropes 
 
Research Team Contacts 
                     Mr Ranjay Chakraborty                       Dr Scott Read 
                     Phone 07 3138 5709 Phone 07 3138 5714 
                     Email   ranjay.chakraborty@student.qut.edu.au Email   sa.read@qut.edu.au  
Please contact the researcher team members to have any questions answered or if you require further information about the 
project. 
 
What is the purpose of the research? 
Previous research indicates small rhythmic variations in the eye length and the eye’s internal pressure 
(intraocular pressure) occur throughout the day. We aim to investigate whether young short-sighted 
individuals exhibit differences in the pattern of these short term eye length variations, compared to 
non- short-sighted individuals. We also seek to investigate the possible relationship between the 
short term eye variations and long term eye growth leading to short- sightedness (myopia). Short-
term eye length changes and myopia in human eyes is a novel area of research that has not been 
explored previously.  We hope this research will lead to the better understanding of the role of short 
term eye length variations in myopia development.  
Who is funding this research? 
The project is being undertaken as part of Masters of Applied Science by Research project of Mr. 
Ranjay Chakraborty under the supervision of Dr. Scott Read and Professor Michael Collins.  
Are you looking for people like me? 
The research team is looking for healthy young adult volunteers aged between 18-30 years who are 
either: 
 Myopic/short sighted (i.e. wear glasses for distance vision) 
OR  
Emmetropic (i.e. do not need glasses for distance or near vision) 
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What will you ask me to do? 
Your participation will involve a series of measurements to the QUT School of Optometry (O Block of 
QUT Kelvin Grove Campus) over two consecutive days. On each day, five measurement sessions will 
be carried out approximately every three hours, with the first measurement at approximately 9-10 
am and the final measurement at approximately 9-10 pm. Each measurement session approximately 
takes 7- 10 minutes .Testing will involve standard clinical measurements of intraocular pressure, eye 
length, blood pressure and the total optics of the eye at each session. You will also be asked to report 
to the research team upon your daily visual activities (e.g. amount of reading performed) prior to 
each measurement session. Prior to the experiments, we will conduct a screening examination to 
determine your suitability for the study and ensure that your eyes are healthy.    
Are there any risks for me in taking part? 
There are no greater risks in this study than those associated with your routine eye examinations, as all 
measurements to be carried out are standard clinical techniques. It should be noted that if you do agree 
to participate, you can withdraw from participation at any time during the project without comment or 
penalty. 
Are there any benefits for me in taking part? 
It is expected that this project will not benefit you directly.  However, the results from this study will 
improve our knowledge of the factors that can influence the length of the eye and may aid in our 
understanding of the causes of short-sightedness. 
Will I be compensated for my time? 
All the participants in this study will be provided with meals over the course of their involvement in 
the study.  
I am interested – what should I do next? 
If you would like to participate in this study, please contact Mr Ranjay Chakraborty or Dr Scott Read. 
You will be provided with further information to ensure that your decision and consent to participate 
is fully informed. 
Thank You! 
Office of Research Use Only 
RM Reference Number:  
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“Short-term Ocular Variations in Myopes and Emmetropes” 
QUT Ethics Approval Number 1000000295 
 
Research Team Contacts 
Mr Ranjay Chakraborty – Student Dr Scott Read – Supervisor Prof Michael Collins – Supervisor 
School o f Optometry  –  Faculty of Health –  Que ensland University of Technology  
Phone:  07 3138 5709 Phone:  07 3138 5714 Phone:  07 3138 5702 
Email ranjay.chakraborty@student.qut.edu.au Email: sa.read@qut.edu.au Email: m.collins@qut.edu.au 
 
 
Description 
This study is being undertaken as part of a PhD project by Mr. Ranjay Chakraborty. Previous 
research indicates small rhythmic variations in eye length and the eye’s internal pressure 
(intraocular pressure) occur throughout the day. This project aims to investigate factors that 
can influence these small daily variations, and to examine whether young short-sighted 
individuals exhibit differences in the pattern of these short-term eye length variations, 
compared to non-short-sighted individuals. Recent research, demonstrates that imposing 
blur on one eye for a short period of time can lead to very small, but measurable changes in 
the length of the eye. Whilst these changes have been found to be transient and very small 
in magnitude (~0.01mm), and therefore unlikely to cause noticeable changes in the vision, it 
is possible that these changes could influence the normal, small daily variations observed in 
the length of human eye. Short-term eye length changes and short-sightedness in human 
eyes is a novel area of research that has not been explored previously.  We hope this work 
will lead to a better understanding of the role of short-term eye length variations in the 
development of short-sightedness.  
Participation 
In this study, the measurements will be collected over three consecutive days. On each day, 
five measurement sessions will be carried out approximately every three hours, with the first 
measurement at approximately 9–10 am and the final measurement at approximately 9–10 
pm. Testing at each session will involve a series of standard clinical eye measurements 
including measures of eye length, intraocular pressure, the optics of the eye and the 
thickness of structures at the back of the eye. You will be asked to look into each of the 
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instruments as they take their measurements. All the instruments are standard clinical 
instruments, non-invasive and pose no risk to the health of your eyes. You will also be asked 
to report to the research team upon your daily visual activities (e.g. amount of reading 
performed) prior to the measurement session. On two of the 3 days of testing, the natural 
daily ocular variations will be measured, and on a third day of testing, daily eye length 
variations will be measured while you wear a specially made pair of standard spectacle 
lenses that impose a small degree of blur to the vision of your right eye. Prior to the 
experiments, we will conduct a screening examination to determine your suitability for the 
study and ensure that your eyes are healthy.   
All the participants in this study will be provided with meals and a $50 gift voucher to help to 
cover any out of pocket expenses incurred over the course of your involvement in the study. 
As some of the measurements are performed at night, campus security escorts will be 
arranged if required/requested.  
Each measurement session will take approximately 10–15 minutes. All measurements will be 
conducted at the School of Optometry (O Block, Kelvin Grove Campus) at QUT.   
Your participation in this project is voluntary. If you do agree to participate, you can withdraw 
from participation at any time during the project without comment or penalty. Your decision to 
participate will in no way impact upon your current or future relationship with QUT. 
Expected benefits 
It is expected that this project will not benefit you directly. However, results from this study 
will improve our knowledge of the factors (such as blur) that can influence the length of the 
eye and may aid in our understanding of the causes of short-sightedness.  
 
The instruments used to measure your eye are all standard clinical instruments and do not touch 
your eyes. This study does not involve the use of any eye drops. Imposing a small amount of 
blurred vision upon one eye is common clinical practice, for the correction of older eyes with 
presbyopia (where one eye is corrected for distance vision and the fellow eye is corrected 
for near vision), and the majority of patients corrected in this manner do so without 
significant symptoms or ocular side effects. However, blur imposed on one eye, means that 
the two eyes will not simultaneously obtain clear vision of all objects at all distances, which 
could potentially lead to some difficulties in judging distances and depths. It is also possible 
that some subjects could experience tired eyes and/or headaches as a result of the imposed 
blur. These effects are transient and present only during lens wear, and occur more 
commonly for greater levels of blur than will be imposed in this experiment. We ask if you 
do experience any of these symptoms, to contact the research team immediately and to 
discontinue wearing the spectacles. It is also important whilst wearing the spectacles to take 
care when performing tasks requiring depth judgments, as well as to refrain from driving a 
vehicle or operating machinery whist wearing the spectacles.  
Risk 
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Confidentiality 
The research data we gather from the experiments will not personally identify you by name, or 
in any way that allows you to be identified. Any publication of data arising from this research will 
use a code system which does not identify you personally. The data will be stored securely in the 
School of Optometry. 
Consent to Participate 
We would like to ask you to sign a written consent form (enclosed) to confirm your agreement 
to participate. 
Questions / further information about the project 
Please contact the researcher team members named above to have any questions answered or 
if you require further information about the project. 
Concerns / complaints regarding the conduct of the project 
QUT is committed to researcher integrity and the ethical conduct of research projects. However, 
if you do have any concerns or complaints about the ethical conduct of the project you may 
contact the QUT Research Ethics Unit on 07 3138 5123 or email ethicscontact@qut.edu.au. The 
Research Ethics Unit is not connected with the research project and can facilitate a resolution to 
your concern in an impartial manner. 
Thank you for helping with this research project.  Please keep this sheet for your 
information. 
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“Short-term Ocular Variations in Myopes and Emmetropes” 
QUT Ethics Approval Number 1000000295 
 
Research Team Contacts 
Mr Ranjay Chakraborty – Student Dr Scott Read – Supervisor Prof Michael Collins – Supervisor 
School o f Optometry –  Faculty of Health –  Que ensland University of Technology  
Phone:  07 3138 5709 Phone:  07 3138 5714 Phone:  07 3138 5702 
Email ranjay.chakraborty@student.qut.edu.au Email: sa.read@qut.edu.au Email: m.collins@qut.edu.au 
 
 
Statement of consent 
By signing below, you are indicating that you: 
 have read and understood the information document regarding this 
project 
 have had any questions answered to your satisfaction 
 understand that if you have any additional questions you can contact 
the research team 
 understand that you are free to withdraw at any time, without 
comment or penalty 
 understand that you can contact the Research Ethics Unit on 07 3138 
5123 or email ethicscontact@qut.edu.au if you have concerns about 
the ethical conduct of the project 
 agree to participate in the project 
 
Name  
Signature  
Date   
 
CONSENT FORM for QUT RESEARCH PROJECT 
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PARTICIPATE IN RESEARCH 
Information for Prospective Participants 
The following research activity has been reviewed via QUT arrangements for the conduct of research involving human participation. 
Short-term Ocular Variations in Myopes and Emmetropes 
Research Team Contacts 
Mr Ranjay Chakraborty Dr Scott Read 
Phone 07 3138 5709 Phone 07 3138 5714 
Email ranjay.chakraborty@student.qut.edu.au  Email sa.read@qut.edu.au  
Please contact the researcher team members to have any questions answered or if you require further information about the 
project. 
What is the purpose of the research? 
Previous research indicates small rhythmic variations in the eye length and the eye’s internal 
pressure (intraocular pressure) occur throughout the day. We aim to investigate whether young 
short-sighted individuals exhibit differences in the pattern of these short-term eye length variations, 
compared to non-short-sighted individuals. Short-term eye length changes and short-sightedness in 
human eyes is a novel area of research that has not been explored previously.  In this study we aim 
to investigate the effects of blur on the short-term daily changes in human eye length. This study 
also aims to investigate the role of the eyes internal pressure and changes in structures at the back 
of the eye in regulating the eye length fluctuations due to blur.   
Who is funding this research? 
The project is being undertaken as part of a PhD project of Mr Ranjay Chakraborty under the 
supervision of Dr Scott Read and Professor Michael Collins.  
Are you looking for people like me? 
The research team is looking for healthy young emmetropic (ie do not need glasses for distance or 
near vision) adult volunteers aged between 18-30 years.  
What will you ask me to do? 
Your participation will involve a series of measurements at the QUT School of Optometry (O Block of 
QUT Kelvin Grove Campus) over three consecutive days. On each day, five measurement sessions 
will be carried out approximately every three hours, with the first measurement at approximately 9-
10 am and the final measurement at approximately 9-10 pm. Each measurement session 
approximately takes 10-15 minutes. Testing will involve standard non-invasive clinical measurements 
of intraocular pressure, eye length, the thickness of structures at the back of the eye and the optics 
of the eye at each session. You will also be asked to report to the research team upon your daily 
visual activities (e.g. amount of reading performed) prior to each measurement session. On two of 
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the 3 days of testing, the natural short-term daily variations will be measured, and on a third day of 
testing, daily eye length variations will be measured while you wear a specially made pair of 
spectacle lenses that impose a small degree of blur to the vision of your right eye. Prior to the 
experiments, we will conduct a screening examination to determine your suitability for the study 
and ensure that your eyes are healthy.     
Are there any risks for me in taking part? 
There are no greater risks in this study than those associated with your routine eye examinations, as all 
measurements to be carried out are standard clinical techniques and do not touch the eyes. This study 
does not involve the use of any eye drops. Imposing a small amount of blurred vision upon one eye is 
common clinical practice for older patients, and the majority of patients corrected in this manner do 
so without significant symptoms or ocular side effects. However, blur imposed on one eye, means 
that the two eyes will not simultaneously obtain clear vision of all objects at all distances, which 
could potentially lead to some difficulties in judging distances and depths. It is also possible that 
some subjects could experience tired eyes and/or headaches as a result of the imposed blur. These 
effects are transient and present only during lens wear, and occur more commonly for greater levels 
of blur than will be imposed in this experiment. It should be noted that if you do agree to participate, 
you can withdraw from participation at any time during the project without comment or penalty.  
Are there any benefits for me in taking part? 
It is expected that this project will not benefit you directly.  However, the results from this study will 
improve our knowledge of the factors that can influence the length of the eye (such as blur) and may 
aid in our understanding of the causes of short-sightedness.  
Will I be compensated for my time? 
All the participants in this study will be provided with meals and a $50 gift voucher to help to cover 
any out of pocket expenses incurred over the course of their involvement in the study.  
I am interested – what should I do next? 
If you would like to participate in this study, please contact Mr Ranjay Chakraborty or Dr Scott Read.  
You will be provided with further information to ensure that your decision and consent to 
participate is fully informed. 
Thank You! QUT Approval Number: 1000000295 
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Appendix 2:  Publications arising from the thesis 
Following are the publications which have arisen from the work in this thesis at the 
time of submission. 
Journal articles 
1. Chakraborty R, Read SA, Collins MJ. Diurnal variations in ocular aberrations 
of human eyes. Curr Eye Res. 2013 (under review). 
 
2. Chakraborty R, Read SA, Collins MJ. Hyperopic defocus and diurnal changes 
in human choroid and axial length. Optom Vis Sci. 2013 (under review). 
 
3. Chakraborty R, Read SA, Collins MJ. Monocular Myopic Defocus and Daily 
Changes in Axial Length and Choroidal Thickness of Human Eyes. Exp Eye 
Res. 2012; 103: 47-54.   
 
4. Chakraborty R, Read SA, Collins MJ. Diurnal Variations in Axial Length, 
Choroidal Thickness, Intraocular pressure, and Ocular Biometrics. Invest 
Ophthalmol Vis Sci. 2011; 52: 5121-5129.   
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Conference abstracts 
1. Chakraborty R, Read SA, Collins MJ. Monocular Hyperopic Defocus and 
Diurnal Variations in Axial Length and Choroidal Thickness. Presented at the 
14th Scientific Meeting in Optometry and 8th Optometric Educators 
Meeting, Melbourne, Australia, September 2012.    
 
2. Chakraborty R, Read SA, Collins MJ. Monocular Defocus and Diurnal 
Variations in Axial Length and Intraocular Pressure of Human Eyes. 
Presented at the Association for Research in Vision and Ophthalmology 
(ARVO) Conference, Florida, USA, May 2012.   
 
3. Read SA, Chakraborty R, Collins MJ. Changes in Diurnal Rhythms of Choroidal 
Thickness with Monocular Defocus in Human Eyes. Presented at the 
Association for Research in Vision and Ophthalmology Conference, Florida, 
USA, May 2012.  
 
4. Chakraborty R, Read SA, Collins MJ. Monocular Defocus and Diurnal 
Variations in Axial Length of Human Eyes. Presented at the Institute of 
Health and Biomedical Innovation Inspires Conference, Brisbane, Australia,    
November 2011.  
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5. Chakraborty R, Read SA, Collins MJ. Diurnal variations of axial length and IOP 
over two consecutive days. Presented at the 13th Scientific Meeting in 
Optometry and 7th Optometric Educators Meeting, Sydney, Australia, 
September 2010.  
(Published abstract: Chakraborty R, Read SA, Collins MJ. Diurnal variations of   
axial length and IOP over two consecutive days. Clin Exp Optom. 2010; 94: 
e2).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
